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CHAPrER I

INTRODUCTION

A.
1.

Exchange Processes

General Statement
An exchange process is one in which atoms of an element are inter

1
changed among two or more chemical states of that element.

Rates of such

processes may range from very short times such as the lo-3 sec. required
for chloride ion to exchange completely with chlorine gas2 to very long
times

{ years )

necessary to detect any appreciable exchange such as in

the case of phosphate ion exchanging with phosphite ion.3
2.

of Detection and Estimation
Methods Early investigators were unable to follow the course of true ex-

change.

This process was approximated, however, by following by tradi-

tional chemical methods the behavior of a chemical entity different from
that whose exchange is to be approximated but which would be expected to
behave similarly' to it.
The classical true exchange work, which will be discussed more
fully below, was begun by von Heves�' 5 in 1912 using a few of the then
available radioactive species as tracers.

The superiority of the tracer

technique for following exchange reactions was quickly recognized, a
superiority demonstrated by the fact that practically all modern exchange
studies utilize this method.

2
The desirability of radiotracers is based primarily on two main
characteristics.

The first is that before its radioactive decay, a radio

tracer behaves in essentially the same w� as the other atoms isotopic
·with it.

The second is that the presence of these radiotracer atoms is

easily and conveniently detected by their emitted radiations.

The technique

of following the course of an exchange is thus facilitated since all that
is required is the following of the appearance or disappearance of emitted
radiations in a given specie (after separation of the various species by
suitable analytical procedures).

In addition to the matter of convenience,

the use of the array of radiotracers now available in high degrees of
radiochemical purity greatly extends the sensitivity, lowers the concen
tration limit of possible study,

and allows quantitative estimation with

out destruction of the sample.
Common methods for the quantitative expression of the exchange rate
are by use of kinetic rate constants and half-time periods.

This latter

refers to the time necessary for one half of the total possible exchange
to have occurred.

The amount of exchange occurring is commonly expressed

s�ly in units of per cent (of total possible exchange) or of atomic
layers.

This latter term,

often used in the case where one phase is a

solid, and especially when that solid is a metal, refers to a theoretical
thickness of the solid to which the total number of exchanged atoms would
be equivalent.

This, of course, is merely a formal expression and does

not purport to represent the actual dist ribution of the exchanged atoms.

3
3

"

Homogeneous Exchange Reactions
A homogeneous exchange is one in which the reactants entering into

exchange are uniformly distributed in only one phase.

On

investigation of

the behavior of homogeneous exchanges, one finds that a simple exponential
rate law has been followed regardless of the �change mechanism, the
number of exchange sites per specie, or the concentration of the tracer.
This process has been treated amply in the literature.1

The mathematical

expression derived and experimentally shown to apply has the form
Eq.

1

where K1 and K2 are constants, t is the time and A is the concentration of
the radioactive specie at time t.
4.

Heterogeneous Exchange Reactions
A heterogeneous exchange reaction is defined similarly to the pre-

ceding case except that the materials undergoing exchange are located in
more than one phase.

The mechanisms and therefore the mathematics of this

situation are complicated by the fact that the exchange is dependent not
only on the rate of actual exchange between the reactants, but also on
the rate at which there may occur an incorporation of the surface-deposited
material into the interior of th,e bulk material.

It may be noted that in

the special case of fluid-fluid exchange there may be

an

approximate

following of the previously stated (homogeneous) rate law as illustrated
by Eqo 1.

This is attributed to the relatively rapid diffusion in fluids,

especially when they are agitated.
A theoretical work by Zimens

change with solids.

6

treats the system of heterogeneous ex-

This author assumed the slow steps to be the diffusion

4

across the interface, exchange at the interface, and diffusion into the
solid.

If

one considers the passing of an atom of the solid into the

solution and of a solution phase ion into the solid as two independent
processes, one may arrive at the relation
-dx

dt

=

d (m�x)
at

k(r-x)
s

=

where m is the total number tagged atoms and ions; r is the ratio m/c,

c

being the number of untagged ions in solution (this ratio will normally
be constant due to the small per cent of exchange over short periods)j s
is a constant which is determined by the surface area of the solid phase;
k is a constant reflecting the influence of the total amount of solute;
and x is the amount exchanged.
Integrating Eq. 2 one obta:L"ls
ln

But

x

0 at t

=

=

(rs - x)

.. �
s

o.

+

Eq. 3

0, therefore

�)

ln

(l -

r

ln

{rs

- x)

=

-klt ,

or
"'

qt

+

k2

•

Eq. 5

This result, then, is to be compared to the actual relation followed
as found by Haissinsky7 in his extensive work.
ln

x

""

a JLn

t + JLn

b

His relation takes the form
Eq. 6

or
Eq. 7

where

x

stants.

is the amount o� exchange, t is the time, and a and b are con-

5

A second relation which was found by Haisainsky8 to hold but only

over shorter time periods, and which allows easier handling of the experi
mental data is
1n

(1 - F)

=

=kt

where F is the fraction of exchangej t is the time, and k is

an

experimental

rate constant.
Many exchange studies by the above investigator over periods up to
about two hours

in

length have demonstrated the validity of these latter

two relationso

Reflection upon and comparison of the theoretically derived

and the experimentally observed equation forms demonstrates a considerable
lack of agreement.

This is usual� attributed to the fact that in actual

exchanges the surface of the solid in contact with an exchanging medium
cannot be considered as remaining constant as was assumed by Zimens.6
In most time-exchange studies there has been noted an initial rapid
uptake of the tracer material.
phenomena at the interface.

This was seen to be due to ads orption

During this very brief time interval, the

"exchange", or rather the observed decrease
proportional to time.

in

radioactivity, is directly

The problem of adsorption to the surface before ex

change is treated by King.9

Following this, the subsequent processes come

into play and the above equations are followed.10

B.

1.

Metal Exchange Reactions

Solid-solid Exchange Reactions
The interdiffusion of solid materials was observed qualitatively

11 and these observations were followed by a quantitative
189 4 b,y Spring,

in

6
study by Roberts-Austenl2 on the diffusion of lead through gold.
This type of diffusion� as well as the true exchange process in
volving only one t,ype of atom, is followed by a variety of rather special
ized methods.

Generally, such methods depend on the analysis of successive

thin layers of the metal after subjecting it to exchange.

Various tech

niques have been devised to accomplish these analyses, among them being
chemical, x-ray, spectroscopic and radiotracer methods.
Good compilations of metal�metal exchanges and mixed metal diffu=
sions are available in Barrer13 and Wahl and Bonner .1

These sources re�

port exchange and diffusion rates which for many systems follow the relation
D

=

D0 exp ( -E/RT )

Eq.

9

where D is the observed diffusion, Do is the diffusion coefficient, E is
a diffusion activation energy, R is the gas constant, and T is the absolute
temperature.

Some values for Do are 4 x lo-10 cm.2/sec. for copper at

940°, and 2 x lo-12 cm.2/sec. for iron at 970°.

Corresponding values of E

are 60 kcal./mole and 74 kcal./mole, respectively.
2.

Solid-liquid Exchange Reactions
The first and classic experiments on metal-solution exchange were

carried out by von Hevesy. 4

In the process of studying the electrochemical

potentials of radioactive metal ions, he noted that each of the metal ions
used could be deposited spontaneously to some extent·onto a variety of
metals regardless of the relative electrochemical potentials involved.
Investigating this unexpected phenomenon further, he studied5 solutions
of lead ions as the nitrate and chloride and containing some thorium�B

7

(radiolead) in their exchanges with strips of lead metal.

A rapid ex

change was noted, as demonstrated by the loss of thorium-B from the
solution.

In addition to the obvious variables of time, temperature

and concentration, it was soon noted 14 that the condition of the surface
at the time of exchange had a profound effect on t he extent and rate of
exchange.
Following these early studies, many experimen1�ers have worked in
the field using naturally occurring, and more recently, the ever-widening
selection of artificially produced radionuclides.
systems that have been investigated.

Table I lists the

The heading "Form1' is meant to in

dicate only the oxidation number of the metal under investigation, and
would include any oomplexed form of the metal as well as the simpler
aquated forms.

Additional detail as to temperature, ionic specie, pH,

etc. may be obtained from a similar tabulation in Wahl and Bonner1 or
from the references cited.
A study of this mass of data has pointed out the following gener
alities:
a.

The amount and rate of exchange varied widely, reflecting the

effect of the previously mentioned variables, but for salts of many metals
in about 10-3 M. solutions tens of atomic layers, and in lo-1 M. solutions
hundreds of atomic layers, were exchanged in about ten minutes.

After a

rapid initial exchange the process is considerably slowed and the experimental data became somewhat irregular.
b.

The kinetics of exchange followed a form other than that found

so commonly for other exchanges.

The relation found applicable for times

8
TABLE I
SUMMARY OF METAL-METAL ION EXCHANGE SYSTEMS

Metal

References

Form

Antimony

III

7, 1 .5

Arsenio

III

1.5

Bisnru.th

III

7 , 16

Cadmium

II

17, 18

Chromium

III

20

Cobalt

II

21, 22

Copper

II

7, 9, 23, 24, 2.5

Gold

III

7 , 16

Lanthanum

III

7

Lead

II

.5, 16, 26, 27

IV

28

Manganese

II

7

Mercury

I, II

8

Selenium

a

29

Silver

I

9 , 10, 30, 31, 32, 33, 34, 3.5, 36
3 1, 38, 39 , 40 , 41

Tantalum

v

22

Tellurium

IV

7, 42

Zinc

II

18, 19, 23, 31, 43, 44

9
up to about two hours was x

=

bta where a and b are constants· dependent

on the system. 7
c.

The nature of the anion exerted a considerable influence on

the exchange.

The sequence of exchangeability rates within a set of anions

varied according to the metal ion used, and there may even be a transposi
tion in the series at different concentrations or temperatures.

Generally,

a high exchange was found when using anions which are likely to have a
chemical effect on the metal, or which may form a complex ion with the
ion of the metal when in solution.?
d.

4
The exchange rate generally increased with solution acidity. 5

However, von Hevesy and Biltz·5 demonstrated that corrosion of the metal
is not an essential condition for exchange to occur, but that it is thus
facilitated due to chemical disintegration of the surface.
e.

Exchange usually increased with an increase in temperature.

By

assuming a linear increase in exchange rate over small temperature inter
vals, one may detennine an ini.tial activation energy for the exchange.
This value is obtained from the slope of a plot of 1n k versus 1/T.

In-

spection of the results of ten exchange systems indicated values of about
4 kcal./mole for metal chlorides and about 7. 5 kcal./mole fo r metal nitrates.
f.

The exchange was not related in a simple manner to the electro

chemical potential values.

For instance, with the same anion and at equal

concentrations, ions of copper ( E0x

=

-0.34 v.) and manganese (E0 x

v.) had similar exchange rates with their respective metals •16

=

+1.05

Other

workers46,47,48 have shown that spontaneous deposition of ions occurs even
onto metals more noble than themselves.

Thus we find that zinc ions

10
plated out spontaneously to some extent onto silver, copper and iron.
However, for a given ion the extent of the pickup by a sample of metal
was determined by the position of that metal in the electrochemical
series.16,48
g.

The exchange evidenced by a given metal was greatly dependent

on the condition of the surface, with circumstances such as mode of prepa
ration, fabrication, and physical treatment prior to the exchange being
of importance.
Exchange experienced by a sample of metal regardless of its prior
history was usually different from an identical sample which had been pre
viously immersed in a solution like that to which it was to be subjected
for exchange but which contained no tracer ions.

Erbacher26 showed that

after such a treatment the extent of exchange was usually reduced, but in
some cases an increase was noted.

Moreover , for the same system there may

be either an increase or a decrease dependent on the pH or the length of
time of immersion.?
Electropolishing of the metal surfaces likewise affected the results
of exchange studies. Generally there was found a decreased exchange rate
and extent, and an increased difficulty in obtaining reproducible data.22
T o illustrate some of these effects the following results for the
same system are listed.

Chemically etched silver exchanged ten atomic

layers with 0 .1 M . silver nitrate solution and the exchange was complete
in

a few seconds.

If, however, the metal sample was first mechani.cally

polished, the exchange amounted to 100 atomic layers, but was only 90 per
cent complete after twenty-four hours. 3° An electrolytically prepared

11

silver powder exchanged 30 atomic layers with 0.2 M. silver nitrate
solution in twenty hours, but a sample of silver from chemical reduc=
tion resulted in the exchange of 7500 atomic layers under the same con=
ditions.

This chemically prepared powder was found via x=ray studies to

3
have recrystallized during the exchange, thus modifying the surface. 5
Early notice was taken5 of the fact that an initial heterogeneity
of the surface and a consequent formation of local cells seemed to play
an important part in exchange phenomena.
of such cells has been made21 for cobalto

An estimation of the current

This study reports a current

of 3.9 x lo-8 coulomb/sec./cm. 2, and the authors concluded that it is this
current between the anodic and cathodic areas that causes ions to be
plated.

Autoradiographic studies were presented to substantiate these

claims.

Further, it was presumed that these cells become "shorted out"

by immersion of the metals into solutions of their ions prior to exchange.
Nevertheless, autoradiographs indicated the presence of a few active
centers on silver foil even after immersion in silver nitrate for five
months.9
The presence of oxygen in the system was found to have a varied
effect on the exchange, depending on the nature of the film formed at the
surface.

If the oxide film was unprotective in nature it acted as a de

polarizing agent and thus increased the exchange.

If, on the other hand,

the film was protective, then it covered the active centers and thereby
reduced exchange.21

In the above case of cobalt, the value of 3.9 x 10 =8

coulomb/sec./cm.2 was reduced to lo3 x 10�8 coulomb/sec./cm.2 if the
oxygen were removed prior to exchange.

12

Also affecting exchange were processes such as cold-rollingj
tempering, annealing, electroplating, and method of cleaning the metal
before exchange.

All of these are found to affect

in some way the metal

surface presented for exchange.
In the overall process of exchange, the important individual
processes occurring seem to be the diffusion of the ion through the solution to the metal, the discharge of the ion by the electronic transfer9
and the incorporation of the newly for.med metal atom into the bulk metalo
The first of these might be rendered unimportant by the use of reasonab�
high concentrations and by agitation of the solution.

The second has been

measured directly for a few reactions and has been found to be quite fast,
and usually reversible.7,34,49

The third process has generally been

found to be the rate-determining step.44

It is necessary to note at this

point that the sometimes high rate of exchange cannot be attributed to
self-diffusion alone at tempe ratures not too near the melting point of the
metal.

For silver ion onto silver metal at 25°, exchange was about la5

times greater than the self-diffusion at this temperature.

In addition,

the exchange activation energy was about one-fifth that for self-diffusion.10
Generally, it seems that the metal surfaces do not remain unchanged when
in contact with their ions in solution.
in the normal sense of the word,

Even in the absence of corrosion

exchange disorganizes the structure of

the superficial layers by the constant processes of dissolution and precipitation, thereby making the metals more permeable to ions.
The total uptake of the ion from solution may be broken down into
two quantities:

that adsorbed as an ionic double layer at the interface,

13
and

that incorporated into the bulk of the metal (actually exchanged)

•

.

The rapid initial "exchange" is due to such adsorption, and then the
slower uptake of ions is due to true exchange by passage of the ion
through the ionic double layer and subsequent diffusion into the lattice.20
Since the overall measured rate is dependent upon this latter process, it
is found t�at exchange rates are dependent on the ability of the metal to
alter itself when in contact with a solution of its ions.

This, in turn,

is a function of the structural properties of the metal and its cohesion
energy.

In this respect, Haissinskyl6 recognizes three classes of metals�

those (lead, mercury and thallium) which have weak cohesive forces, large
atomic volumes, rather high coefficients of self-diffusion, strong ten
dency to recrystallize and weak mechanical strength; those (iron, cobalt,
other transition metals) which are more compact and have higher cohesive
energies; and an intermediate group (bismuth, antimony, gold and copper).
The exchange undergone by a metal with its ion in solution seems to be
roughly dependent on its classification in the above
3.

manner.

Liquid-liquid Exchange Reactions
Examples of this type of exchange are considerably limited in scope

since one is confined to the lower melting alloys and metals.

In this dis

cussion particu.;Lar emphasis will be placed on systems involving mercury
or amalgams as the metal phase.
Groh50 has demonstrated that a rapid exchange occurred between bis
muth and lead(II) ions in solution with their respective amalgams.

KayasSl

found essentially the same behavior in the case of copper(II) ions and

14
copper amalgam, and reported a kinetic equation of a form identical to
that reported by Haissinsky for solid metal-metal ion heterogeneous ex
changes.
Haissinsky and Cottin7,

8

likewise reported a rapid exchange of

mercury(!) and (II) ions with mercury.

A very slight dependence of ex

change on temperature and anion were found for this S,Ystem, although its
study was restricted by the insolubility and ease of hydrolysis of most
mercury(!) salts, and complications involved in the reduction of mercury(II)
ions to mercur,y(I) when in contact with metallic mercury.
These authors interpreted the processes in an agitated system of mer
cury ions and mercury metal as a rapid exchange at the mercrur,y surface, with
the process being sustained by the self-diffusion of the mercury.

Thus they

feel that the experimental activation energy obtained for such a system
would be related to the process of self-diffusion itself.

These conclusions

will be discussed in Chapter III.
2
Randles5 presented a series of publications dealing with the proc
esses occurring at

an

amalgam electrode as studied by the electrical im�

pedance of a dropping-amalgam electrode to an alternating potential while
the electrode is dripping amalgam into a solution of the ions of the amal
gamated metal.
two stagesg

The authors visualized the ion deposition as occurring in

the initial discharge of the ion with deposition, then a sub

sequent migration of the deposited specie.

Their ex perimental arrangements

caused the measurements to be concerned with only the initial deposit of
the ion, and the rate determined is ascribed to that of the electron

ex-

15
change itself.

Since this present research will be concerned with the

overall exchange reactions and rates, these results will be of interest
only inasmuch as they help to elucidate one step of the overall process.
A

critical review of the method and results of Randles is available. 53

Gerischerl8 has also carried out some measurements with the same method
as above.
Miller and Pleskov54 have inves·tigated by tracer methods the ex=
change of bismuth, lead and zinc ions wi.th their amalgams.

They reversed

the usual attac k by tagging the metal initi.ally, a method found to be
altogether equivalent to the converse.33,3 5

Their rate equation took

the form
A+ B

srt

AB

where

X00

is the solution activity after total exchange, x is the solution

activity after time t, s is the surface area, r is the exchange current,
A

is the amount of metal in the amalgam, and

the solution.

B

is the amount of metal in

This equation was found to be valid over a range of stir�

ring rates, and failed only when the stirring was so vigorous that the
surface of the amalgam was broken.

This equation is easily transformed

into the form previously reported, ln (1 �F)

�

-kt (Eq. 8).

Fronaeus17 has investigated the behavior of cadmium ions in contact
with cadmium amalgams, both with and without complexing agent in the
aqueous phase.

He visualized

an

equilibrium process

M
with the total process comprising the loosening and coordinating of the

16

ligands (water or intentionally added complexing agents), transport of
the metal ions in the solution and of the atoms in the amalgam, and the
transfer of the electrons.

The conclusions drawn from these studies

are that for exchange of cadmium ions without intentionally added complex
ing agents

(1·�·' aquated)� and of cadmium ions with complexing agents of

intermediate strength (bromide or chloride ionj ammonia) with cadmium amal
gams the rate-determining step is the diffusion of the ion through the
Nernst diffusion layer.

Systems imrolving strongly complexed cadmium ions

(�·£·, in cyanide solution)

no

longer seemed to be diffusion-controlled�

but, rather, dependent on the energetically difficult removal of the
cyanide ligands from the cadmium.

The earlier work of Gerischer18 was re<

investigated by Fronaeus and compared with the above mentioned data and
conclusions.

A

very favorable agreement was found.

C.

Proposed Problem

The object of this research was to investigate the behavior of metal
ions in aqueous solution in thei.r exchange with atoms of the same metal,
but where the metallic phase would be in the liquid state.
Research along these lines but involving solid metallic phases has
demonstrated that the exchangeability of an ion with a solid metal probably
depends on the ability of the metal to re-form its surfaces when in contact
with these solutions.

A

preceding section has reported on the sensitivity

of exchange to any of the various processes that can affect the nature of
the surface of the metal.

With this in mind, it was felt that if the

metallic phase to be subjected to exchange were to be

in

the liquid state,

17
then many of the problems ( "hot spots11, variation

in

crystal size or

orientation, channeling in cracks or faults ) arising from use of solid
phases could be eliminated or minimized.

CHAPI'ER

II

EXPERIMENTAL PROCEDURES

A.

1.

Stirring

Apparatus

and Temperature

After the desired experimental system had been assembled in a

ml.

glass-stoppered Erlenmeyer flask

provided

with a

2-cm.

25�

length of

glass-enclosed iron wire, stirring was accomplished by means of a mag=
netic

stirring device equipped with a thermostatically controlled water

supply.

This device was constructed such that

a vertical position beneath and very close
Water from

to a stainless steel tray.

a constant temperature bath was circulated through this tray

by means. of a pump
by

magnets were mounted in

and siphon

a belt and pulley

arrangement"

The magnets were rotated

system connected to a low

r.p.m.

motor.

This

arrangement allowed the magnets to be rotated at from zero to about
r.p.m.,

450

dependent on the setting of a rheostat connected to the motor.

The device contained twelve magnets,

but due to slight differences in

construction not all rotated at the same

rateo

For this reason the same

stirring position was used in all exchanges.
It w as found that even with the agitation of the air
tion of the

magnets at full speed,

maintained within

Oo5°

the rota

the temperature of the bath could be

at all timeso

The control was somewhat better

at temperatures close to room temperature

o

tions in the exGhange

from

The temperature of the solu

flasks was found to vary

to about the same extent�
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but the readings averaged about Ool0 lower than the corresponding bath
temperature
2.

•

RadioactivitrMeasurements
All radioactivity measurements were carried out with a Tracerlab

"Thousand Scaler" which utilized a Nuclear G-M tube having

an

end-window

thickness of 1.4 mg./cm.2•
In these as in all determinations involving the detection of radiations from radioactive dec:ay,

an

inherent randomness is involved.

tional statistical treatment'S yields the relation
deviation

(cJ')

recorded (N)o

Tradi

that the standard

is equal to the square root of the total number of counts

A frequently used quantity, probable error (p), is shown

to be Oo67cf or its equivalent, 0.67N!.
5 000 total counts, p is 47 counts�

Thus, for a determination of

This is to say that a repetition cf

the determination is just as likely to yield a value w.i. thin 5000 :: 47
as not.
It was intended that normallY a total of at least 5000 counts would
be recorded for each sample.

In this way, the probable error due to

counting variations would be held to within 1 per cent.

3.

E!!_ Measurements
All pH measurements were made with either a Beckman Model H2 or

Model G pH meter.

In either case, the same set of miniature saturated

calomel and glass electrodes was used.

S'tandardization of. the instru-

ments was against a buffer solution of pH of 7.05 or 4.01, depending on
the pH range of the solutions to be determined.
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4.

Glassware
In an attempt to preserve as fully as possible the chemical purity

of the system, all cleaning of glassware was accomplished in the following way.

The article was allowed to stand in chromic acid cleaning solu-

tion, usually overnight.

It was then removed, drained, and rinsed

vigorously ten times with tap water.

This was followed by three rinses

each with distilled water and with specially prepared deioni.zed water
(see below).

B.

1.

Reagents

Deionized Water
All water to be used in exchange systems was first subjected to

the following pre-treatment.

Ordinary distilled water from a copper

still was allowed to drip slowly through a 60-cm. long column of Amber=
lite MB-3 resin.

This precaution was taken to prevent deleterious effects

due to possible trace contaminants in ordinary distilled water, especially
chloride ion.
2.

Radionuclides
All radionuclides for this research were obtained from Oak Ridge

National Laboratory, and, except in the case of zinc, were used without
further treatment, except dilution.
a.

Mercury-203 was obtained as the nitrate in dilute nitric acid

solution, and had a specific activity of 34.5 millicuries per gram (me./
g.).
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b.

Ca.drnium-115 was obtained as the nitrate in dilute nitric acid

solution, and had a specific activity of 13o8 mco / g.
c.

Zinc-65 was obtained as the chloride in dilute hydrochloric

acid solution, and had a specific activity of 3 42 mco / g.

The presence

of the chloride ion in the solution required one series of experiments
to determine whether or not this small concentration of complexing ion
needed to be removed before experiments on uncomplexed systems could be
accomplished.

The removal was b rought about by heating with concentrated

nitric acid.
d.

Silver-110 was obtained as the nitrate in dilute nitric acid

solution, and had a specific activity of 394 mc. / g.

3.

Mercury
Mercury metal for exchange work and for amalgam preparation was

treated as follows.

Reagent grade metal was stored in a stoppered flask

under dilute nitric acid to prevent reaction with laboratory gases.

A

tube was provided which extended through the acid solution and into the
mercury.

This allowed direct access to the mercury as well as its easy

removal by means of a pipette.

This access tube was kept stoppered at

all times except when actually withdrawing mercury.

The container de

scribed above was equipped with a stirring bar, and was stored over one
of the stirring positions of the stirring apparatus

•

This prOvided a

supply of clean, thermally-equilibrated mercury at all times.
For the preparation of amalgams, appropriate amounts of the mercury
were withdrawn and used as described under preparation of amalgams.

In

the series of studies on mercury itself, the metal phase was handled in
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two different ways.

In one type of experiment,

used to fill small cylindrical reservoirs of
of these was a
second was a

1-cmo

1-omo

sufficient metal was

known

orifice areas.

high cup with an inside diameter of

4

high cup with an inside diameter of

One

11.,.5

mm.,

nnn.,

and a

a

third was a capillary of 1-cm. length and an inside diameter of L 68 mm.
The diameters of the first and second containers were determined by care

by

ful measurement, while that of the third was determined

calculation

from. the amount of mercmry contained in a given length of thread within
the capillary.

A

second type of experiment was carried out using

weights of mercury injected directly into the solutions.
used were those delivered by a
lambda) micro-pipette.
these were

674 mg.

and

0. 0.5-m.l. (.50

lambda)

or a

known

The weights

o.oo5-ml. (5

The average weights found to be delivered by

69 mg.,

respectively.

It was desired to study the

effect of the lowering of the amount of mer� by still another factor
of ten, so a technique was worked out to allow a reproducible delivery of
mercury metal in this low weight range,
of
lo-

about

7

mg. of mercury was obtained as follows.

3

M.

7

mg.

A

reproducible sample

A .3. 80-ml.

sample of

.5

x

mercury(!) perchlorate was heated in a boiling water bath f or

about five ntinutea:, after which time about
acid were added.

15

drops of

88

per cent formic

The mercury(I) ions were reduced quickly to the metal,

but it appeared grey and lusterless and did not coalesce into a drop.
To the above solution was added about

1

to

2

milliliters of concentrated

hydrochloric acid, and the mixture was then returned to the boiling water
bath for about five minutes.

The now clean and co alesced mercury was

collected on a fritted glass filter, washed thoroughly with dilute nitric
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acid and water, and dried on filter paper.

The weights of mercury

obtained by this method were found to be quite reproducible,
ity of tp.e samples falling between

6 9
..

mg

o

and

7

o

1

the major

mg.

The exact method used to prepare the various amalgams for exchange
varied somewhat from case to case.
The granular silver prepared from the spontaneous deposition from
silver nitrate solution onto copper was assimilated instantly into the
olean mercury.
Granular zinc,
until used,

although acid-washed and stored in a desiccator

resisted quick dissolution by the mercury.

accomplished by placing the metal along

with

It was then

the mercury under a layer

of water acidified slightly with perchlorio acid..

Gentle warming, then,

usual� brought about dissolution without discernable chemical effects.

An identical procedure was followed for cadmium.
Desired concentrations of the metal in the amalgam were accomplished
by dissolving a weighed amount of the metal in the mercury where feasible,
but further dilutions were often necessary before use.

After the desired

concentration had been obtained, a measured aliquot was removed,

washed

thoroughly with water, placed in a small beaker, covered with water and
placed in the water bath for thermal equilibration.

Due to the recognized

11ageingn effects of amalgams, 1 7,49 they were usually used

within

minutes of their preparation, and always within t wenty minutes.

ten
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5.

Other Chemicals
All other chemicals, inc luding the various metals, acids, and

salts were of reagent grade.

C.
lo

Methods for Exchanges

PreEaration of Solutions
Norma!lr a concentrated stock solution was prepared for each

material to be used in quantityo
study,

In the case of the meta l ions under

the ultimate aim was to have each metal ion in solution as the

perchlorate.

This was accomplished by dissolving the respective metal

perchlorate in water, or the oxide, carbonate or hydroxide in perchloric
acid.
The stock mercury(!) solution presented some difficu lty in its
preparation.

A

common preparation for solutions of mercury(!)

sa lts

is to prepare accurately a solution of the corresponding mercury(II)
salt a nd to reduce it with meta llic mercury according to the reaction

for which a value for the equilibrium constant at
reported.

56

25°

of

2

x

108

has.been

It is this very reaction of mercury that prevents a:ny ex-

tensive study of exchanges between mercury(II) and the metal.

Thus, a

weighed quantity of mercury(!!) oxide was dissolved in a slight excess
of perch loric acid in a volumetric flask and diluted t o volume.

Mercury

was then added, a nd the sol ution and the metal were stirred overnight.
Due to the uncertainties involved, it was decided that the stock solution
so prepared should be standardized,

and the method of Kol thoff and Lar-
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son57 was chosen.

This consisted of the titration of the mercury(!)

ian with standard potassium bromide using a bromophenol blue indicator.
This adsorption-type indicator is lilac color in excess mercury(!) ion
and yellow in excess bromide ion, and furnishes an extremely reproducible
end-point for this titration.
Many of the solutions used contained additional solute beside the
salt of the metal ion under study.

The original plan of maintaining stock

solutions of these materials so that appropriate aliquots could be added
along with those of the metal ion stocks was abandoned.

This was due to

the fact that some of these stocks, bromides and iodides for instance,
were found to be unstable on standing.

Weighed quantities of the dry

salta were then substituted for the unstable solutions.
2.

s�pling
S�pling was accomplished by means of a 0.01-ml. ( 10 lambda) micro

pipette attached to a �ge pipette filler.

This desired volume of solu

tion was delivered to a planchet which consisted of a 25-mm. diameter
watch glass.

Reproducible delivery was accomplished by filling to the

mark twice with distilled water and adding this to the same planchet .
Samples thus prepared were dried under a heat lamp and reserved
for counting.

3.

Equilibration and Exchange
After the proper solution had been prepared, a 10-ml. portion was

withdrawn, tracer added, its pH adjusted when required, then delivered to
a 25-ml. glass-stoppered Erlenmeyer flask provided with a glass-enclosed

26
stirring baro

This flask, then, was placed in position in the water

bath over a magnet and allowed to become thermally equilibrated with
slow stirring.

In those cases where noted, the entry of nitrogen gas

was started at this point.

The time required for this thermal equilibra-

tion before the exchange could be started was found to vary with the
difference between the water and ambient temperatures.
After thermal equilibration had been obtained, the stirring speed
was increased to the operating range, and a "zero timen reference sample
was taken from the solution as described above.

The metal phase was

then added while simultaneously starting an electric timer.

Additional

samples were extracted over appropriate, noted, time intervals dependent
on the rate of the individual exchange.

These were placed on individual

planchets for subsequent drying and counting.
by sampling never exceeded

0.1 ml.

source would not be greater than

4.

The total volume removed

so that the error incurred from this

1

per cent.

Treatment of Data
After the samples had been prepared,

was determined and recorded.

the activity, A t,

of each

The loss in activity with respect to a

"zero time11 sample, A0, was determined according to the relation
Ao

=

Ao

At

Eq.

11

Since the total loss in activity is dependent on the relative amounts of
the metallic specie in the aqueous and metal forms,

these fractions were

"normalized" by dividing by the ma:x:imum value of F' obtained.

This gives

for the various times the fraction of the total possible exchange, F,
since
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Ft

=

F'
_t_
F'00
I

where Ft i s the normalized fl"'action of exchange at time t, Ft is the un'

normalized fraction of exchange at time t, F 00 is the un-normalized fraction of exchange at "infinite" time.
to follow the equatiom

1n (1 -

F)

Since the exchange data were found
-kt, plots of ln (1 - F) versus t

=

were constructed to obtain v alues for the experimental exchange rate
constant, k..

The curves so obtained w ere linear and passed through or

near the origin .

To make the placement of these curves m ore reproduci-

ble and less subject to personal prejudices, the method of least squares
was u su ally applied.
One might summarize the method of least squares as followsu

choose

as the best approximation of the unknown th at value which minimize s t he
sum of the square s of the differences between the observed values and
that predicted by the above-approximated unknown .

This difference i s

given by Y o - Yp where the subscripts o and p indicate the observed and
predicted values, respectively.

For the case of a straight line, this

may be represented as
s

=

Yo - Yp

•

Yo

The quantity to be minimized is the

- (mxo
sum

+

b)

•

of the squares of all of the

deviations as calculated from the values XJ., x2,

....

Yn of y.

•

.

·Xn of x and n, n,

This sum, then, is
+

[n

+

[Yn

- (mx2

+

( mxn

+

�

where S i s a function of the two variables

m

�2
2
b )] ,
b

.and b.

+

In order to minimize
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the quantity S, we set its two partial derivatives equal to zero

�!

"'

-2XJ.

[Yl -

(mx:t

+

b�l

and

�� =-2 [n -

(lllXl

+

b)]

- 2X2
- 2xn

- 2
�

2

From these we obtain
n b +( L

[Y2 -(mx2

+

- ( mx:n

+

[Yn

[ Y2
[ Yn

x)m

""

b)]

-

+

b)]

( mxn

+

b)J =0.

�

.

o

b)] =o,

(mx2

·-

.

Eq .. 16

Ly,

Eq., 17

and
Solving these equations for

m

and b, we have that
n 2:xy
n 2J:2

m"'

- 2::x �Y

Eq .. 19

( L: x)2 '

�

and
Eq.,

•

For this particular case, y "' ln (1
become

20

- F) and x = t. Hen ce Eqs. 19 and 20

n
l F)��-���(m�(�l_-_ F�D��� t

m=-_L:�Lln�(_ _-_ �
n 2:t2 -( 2:t)2

and
b:::

L:[ln(l-F)]
n

-ml::t

Thus k is given by -m, and b is the intercept for the curve..
mann er

In

this

k values for various exchanges have been determin ed, and are tab-
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ulated in Chap ter III .

A representative calculation of this type may be

found in Appendix I .
Some studies on the effect of temperature on the rate of exchange
were performe d .

The equation that had been demonstrated a s being followed

is
k

where

E

=

ko exp

( - E/RT )

is the experimental exchange activation energy, R i s the gas

stant, and T is the absolute temperature .
1n

ko

Eqo 23

- E/RT o

Alternately, we have 1n k

con

=

Thus, a plot of 1n k versus 1/T should be linear, at least

over small temperature intervals, and the curve would have a slope equal
to

-E/R.

In this research, values for

a series of values of k over a

E

were determined after accumulating

30° temperature interval . The method of

least s quares was again applied to obtain the best values for the slope
and intercept .

CHAPTER III
RESULTS AND DISCUSSION

A.

Steps Within the Overall Exchange Process

One might visualize a number of possible processes as contributing
to the overall process of chemical exchange in systems involving metals
in contact with their ions in solution.

Among these are the diffusion

of the ion through the solution to the metal, the discharge of the ion

by the transfer of electrons, and the diffusion of the metal atom within
the metal phase .

The experimental rate constant for the exchange will be

determined by the slowest of these individual processes .

Zim.ens6 has

applied the theoretical diffusion equations of Duenwald and Wagner58 to
the process of solid-solution heterogeneous exchange .
has furnished equations which should relate
change ) rate constant with :

an

This treatment

observed reaction ( ex

first, the ionic diffusion coefficient,

assuming the diffusion of the ions to be the slow step of the reaction;
second, the autodiffusion coefficient within the second phase, assuming
this type of diffusion as the slow step.
1.

Ionic Diffusion
An equation developed by Zimens to show the relation between ionic

diffusion coefficient and the observed rate constant is
k

=

Di ca

d n(l-s )

---=---:--

Eq. 24

where Di is the diffusion coefficient of the ion in solution, c is the
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c onc entration

of this ion in the solution(gram i on s/ml . ) , a is the s urface

area ofthe solid phase, n is the number of gram atoms ofthe sol id,
ns
u is the thickness of the diffusion layer, and s i s the rati o n
+
n l
s

(where ns is the number of atoms of the diffusing specie in the solid

form, and llJ. is the nUJllber of ions of the same spec ie in the sol ution) .

The general form of this equation remain s the same when the second (non �
solution) phase i s liquid .
2.

Electron Transfer

A method has been developed by Randles52 by which he was able to

demon strate that the rate af electron transfer at an in ert electrode in
equilibrium with a soluti on containing the oxidiz ed and reduced form of
the compon ents of a redox react ion should be appr oximately proporti onal
to(C0C r) i where 00 anq C r refert o the c on cen tration s of these oxidized
and reduced forms, respect ively"

Hen ce, for such a system on e has the

relation
where

K

is a prop ortionality con stant .. For the case af exc hange where

the reaction is between the i ons in an aqueous solution and a metal in
an amalgam, the relati on may be rewritten as
k

K ( O sCmP

l.

=

Eq. 26

where 08 and Om refer to the c on centrations of the i on in solution and the
metal in the amalgam, respe ct ively.

To be thorough, though, one m ust realize that this · " electron tran s-

fer" step will en c ompass more than the mere neutralization
charge.

of the i on ic

When the i onic specie migrates up to the metel. surface it carries
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with it a number of attached ligands, �._g, . , water, anions, etc .

Thus ,

this step should actually include the loosening of these ligands

from

the ion to b e discharged, and the coordinating of the ligands to the
Rbare" ion as it enters the solution .
Reports 7 , 3 4, 49 , 5 2 on the rate of the electron transfer indicate
that it is extremely high, in

many

eases immeasurably so

o

In

appliea-

tiona of the present type, it is usually conceded that the process would
be

reversible and with a rate so high that it need not be considered o

However, a decrease in the rate of electron transfer has been noted5 2 on
adding complexing agents which became strongly bound to the ion, so the
above simplification is not necessarily always possible .
3 o Metal Phase Diffusion
The previously mentioned work by Zimens develops also an expression
that would relate self -diffusion coefficients with observed rate constants o
This equation takes the form
D
where h

is the thickne ss of

=

4h2 k
11' 2

a sample of

Eq o 2 7
metal o

If

the metal particles

are spherical in shape with radius r, the equation becomes
D

=

r2k

17' 2

Eqo 28

.If the sphere contacts the solution with only one -half of its area, then
r 2k
D "' 4., 2

.3.3
B.

Results of Exchange Reactions

All of the experiments of this investigation were of the �e
where

a

metal ion

in

solution was allowed

to

of the me.tal (in one case pure mercury metal a

exchange with a liquid form
in all

others, amalgams

of

In order to identify more completely each exchange system

the metals ) •

studied, additi onal information will be given concerning'l

the identity

and concentration of all solute s in the solution phase ; the identity,
concentration and/or amount of the metal phase (the orifice area

in

case of the controlled area studies on mercury, the amount of metal
the cases where mercury was agitated with the solution,

the
in

the amount

or

and concentration in the case of amalgams ) ; pH J and temperature .

In the

following res� of experimental results, this information will be ab
breviated

in

the following manner o

A.

solution of 5 x 10-.3

M.

mercury( I )

perchlorate at a pH of 2 in contact With a mercury surface controlled at
104 mm . 2 , both at a temperature of .30° is written& 5 x lo-3
mm

.. 2 Hg0, pH 2, 30° . When

any

in the title of a study, it
Also,
was

when

M.

Hg(I)/104

of these specifications is not mentioned·

will be

found to be varied within the study.

not stated to the contrary, it is to be assumed that no attempt

made to

remove atmospheric gases prior to exchange .

In the

following listings of exchange results , the starred ( *)

values indicate the best single value as determined by the method of least
squares to represent

all

of the data on exchange of a given �e .

Follow

ing this figure in most instances ( in parentheses) will be the half-time
of exchange

in

minutes calaulated from the relation � k

=

0.69.3/� .
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Mercury System Results

l.

The information obtained on the exchange of mercury ( ! ) ion with
mercury metal may be summarized as follows a
Study 1 , the effect of the variation of s olution concentra

a.
tion

and

amount of merc:rury on the system:

Mercury( ! ) Ion
Concentration

674 mg . of Hg 0

0
Hg ( I )/H g , pH 2, 30° .

Rate Constant
69 mg . of Hg0

0
7 mg . of Hg

5

x

lo 4 M .

0.314 min . -l
0 ., 298
0 .,396
0.335 ( 2 . 1) *

0 . 062 min. -1
0 . 053
0. 067
o . o58 ( 12 )*

0 . 009 min . -1
0 . 014
0 .. 014
0 . 012 ( 58 )**

5

X

lo-3 M.

0 . 306 min . -1
0 . 204
0 .,267
0 .. 265 ( 2 . 6)*

0 . 08 2 min . -1
0 ., 064
0 . 069
0 . 07 0 (10)*

0. 063 min . -1
0 . 035
0 . 031
0 . 043 ( 16)*

5

x

10

2

0.,48 7 min. -1
0 . 39 8
0 . 497
0.460
0 . 471 ( 1 .5)*

0.114 min . �l
0.086
0. 127
o.ua ( 5 . 9 ) *

0 . 161 min . -1
0 . 2 16
0 . 073
0.066
0. 177
0 . 1 2 8 ( 5.4)*

-

-

M.

**
Arithmetic average
b.

Study 2, the effect of controlled surface area of mercury

on the system:

0
5 x lo-3 M . Hg ( I )/Hg , pH 2 , 3 0°.

Area of Mercury Surface
2.2

13

nun .

nun.

2

2

**Arithmetic average

Rate Constant
0 . 11 x lo-3 min. -1
0. 19 x lo-3
o . l5 x lo-3
o . l5 x lo -3 ( 46oo)**
0 . 76 x lo-3 min . -1
1 . 24 x Io-3
1 . 23 x lo-3
1 . 14 x lo-3 ( 6o8 )*
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Area of Mercury Surface

Rate Constant

104 mm. 2

c.

Study

3,

9 . 33
l.O o 9
8 . 13
9 o 50

lo -3 min . -1
lo-3
Io-3
x lo-3 ( 73 )*

x
x
x

the effect of temperature on the systemg

5

x

lo-3

M. Hg ( I ) /104 mm. 2 Hg0, pH 2 .
Temperature

Rate Constant

0 ,. 2 °

0 .397
0 . 306
o .. 351
o .. 3o8

x
x
x
x

O o 933
L 09
o . 813
o .. 950

x
x

O o 993
0 .. 974
lol9
loll

x
x
x
x

1 .. 53
1., 7 4
L 22
1 .. 45

x
x

2 o40
2 o53
3 o B5
2 o 92
d.

Study

on th e s,ystem:

5

4,
x

lo-2 min . -1
lo-2
lo-2
1o-2 ( 23o )*

lo-2 min . -1
1o-2
x 1o -2
x lo- 2 ( 73 )*
lo-2 min . -1
1o-2
lo-2
lo-2 ( 62 )*

lo-2 min . -1
1o-2
x lo- 2
x lo- 2 ( 48 ) *
X lo- 2 min . -1
x lo-2
x lo- 2
x lo-2 ( 2 4)*

the effect of addition of surface-active substance s

lo-3 M .

Hg ( I ) /674

added in varying amounts from

0 .. 006

mm .

to

0
of Hg , pH

O o0 2

2 , 3 0° .

(1)

Gelatin

per cent caused a definite ,

though erratic, lowering o f the observed exchange rate, and the normally
linear plot of

ln(l -F)

versus t was concave upward .

( 2 .) Similar

e:x:peri-

ments were carried out using dodecyl s odium sulfate as the surface-
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active additive .

This material also gave the curved plots indicated

for gelatin unless the mercury to be used in the exchange was previously
equilibrated several times with dodecyl sodium sulfate of the concen
trated to be used subsequently in the solution of the mer�( I ) ion .
The following shows the effect of variation of the amount of dodecyl
sodium. sulfate on the system:

5 x lo 3 M . Hg ( I )/674
-

mm .

of pre-equili

0
brated Hg , pH 2, 3 0° .
Concentration of Dodecyl
Sodium Sulfate ( Per Cent
X

105 )

o.o
3 .8
5 .0
7. 5
10 . 0
12 . 5
2.

Rate Constant

0 . 21 min . -1
0 . 22
0 . 20
0 07
0 . 04
0 . 01
.

Meroury System Discussion

Same of these data might be inspected in the light of the relationa presented in part A of this chapter .

If the diffusion of the ions

through the diffusion layer is to be the slow step, then Eq. 24 should
allow one to estimate a value for the diffusion coefficient for the
mercury ( I ) ion .
culated .

From the data at hand, seven value s of Di can be cal-

The results are summariz ed as follows ( a representative cal=

culation may be found in Appendix II ) �
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Area of
Mercury Surface

D�

0 . 05 M. H�I)

in am./seo .
O o 05 M. Hg(I)

7 om. 2**
0 .. 7 om. 2***
1 om . 2
0 . 1 om. 2
0 .,02 cm. 2

6 X 10 -3
13 x lo-3
3 . 2 x lo-3
2 .. 1 x lo-3
lo 2 x lo-3

**Area estimated for 674 mg. of agitated mercury.
***

Area estimated for 69

The average value for Di/a- was 5 .9
culate

an

of agitated mercury.

mg .
x

lo -3 om. /sec .

To be able to cal -

abs olute value for the diffusion coefficient, a value for the

diffusion layer thickness must be known.
The extent of this layer has been studied, and has been shown to
be dependent on the intensity of the agitation of the system. 59 The
usual form for the relation between the rate of a diffusion-controlled
process and the speed of agitation is
k o( ( r.p .m. ) b

where b depends
and 1 .. 0 .

on

Eq. 3 0

the individual system, but usually falls between 0 . 4

The argument here i s that the thickness of the diffusion layer

decreases with increased agitation and thus so does the rate constant .
This correlation between diffusion layer thickness and speed of revolu tion of a stirrer is easily established far a given apparatus , but the
actual size of the layer for a given agitation speed

will,

of course,

depend greatly on the shape and size of the stirrer and container .

In

vestigation of the literature, however, did indicate a range of 10- 2 to
lo -4 em . , depending on the extent of agitation
in

c ontact

with

and

the type of surface

the solutiono For a system somewhat similar to that
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used in the present studies, a value of 3 x 10�3 cm o was found . 60

Con-

sidering the physical arrangement used by the author from which it was
obtained, the agitation of the s olution was probably somewhat greater
than that in the present studies, so the figure selected above is
probably too low .

Using this figure, though, one could e stimate some

values for the diffusion coefficient of the

mercury( I )

ion .

Since the

average value of Di/ if given above was 5 o 9 x lo-3 cm . /sec . , the diffu
sion coefficient can be calculated to be 1 . 8 x lo-5 cm. 2/ sec .

No value

for the diffusion coefficient of the mercury ( I ) ion dimer was located
in the literature, but the range of values reported for other cations
at about the same temperature is from about 1 x lo-5 to 2 x losec .

5

2
cm . /

It must be remembered that this calculation depends quite strongly

on a value for the diffusion layer thickness for which only
was available .

an

estimation

Also, it had been found49 advisable to design systems

such that the ratio s of

Eq. ·

2 4 will be in the range of 0 . 1 to 0 . 5 , while

that in this research was with one exception 0 . 7 to 0 . 9 .
49
presented
The previously-mentioned work of Haissinsky and Cottin
calculations similar to the above, and concluded from the range of values
obtained, lo -

B

2
to lQ-7 cm . /sec . , that ionic diffusion could not be re-

sponsible for the determination of the overall rate .

The s e low value s

for diffusion coefficient can be traced to low experimentally-determined
exchange rate constants .

These rates had been criticized previously as

too low with the suggestion offered that the react�on had been retarded
by the unsuspected presence of contaminants on the mercury surface .

54

Nonetheless, once Haisainsky and Cottin had discarded ionic diffusion aa
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the slow step in the exchange, they named the metal phase diffusion as
the rate -determining step .

In this connection they calculated by Eqs .

2 7 and 2 9 an average value for the "autodiffusion constant" of mercury
2
of 8 x lo -8 cm . /sec .

Hoffman61 has determined this constant by a mare

2
direct method of capillary diffusion and found it to be 1 . 8 x 10-6 cm . /
sec .

A better agreement with Hoffman' s re sults are obtained if the

faster rate constants of this research are substituted for those of
Haissinsky and Cottin .

Representative values for the autodiffusion con�

stant obtained using the present results in Eqs . 2 7 and 2 9 were 8 x l.o-6
2
om . /sec . and 3 x 10-6 cm . 2 /sec . , but these calculations are quite approximate due to uncertainties in the shape and dimensions of the mercury drop lets .

It i s not probable that arguments of this type alone could allow

a definite selection of a rate-determining process due to the uncertainties
in calculations mentioned above, and to the fact that the indicated mag�
nitudes of the two constants are s o close, about 2 x lo -5 cm . 2 / sec . for
2
ionic diffusion and 2 x 10=6 cm . / sec . f or autodiffusion .

A somewhat different approach t o the study of the processes occur
ring during exchange was made by Fronaeus .

17

This approach may be adapted

such that the type of data of the present re search may be utilized and investigated .

In a system composed of a s olution of concentration C i in in-

active metal i on and Ca in the radioactive form of the ion in contact with
its metal, the individual processes occurring will be g
*

*

1.)

M+n

+

�

-

Mo

+

wn

2.)

wn

+

Mo

-

Mo

+

wn

3.)

M+n

+

J4o

-

�

+

M+n

*
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*

4 . ) :f.i+n

+

*o
M -

*
*
M0 + M+n
·

where �n and M0 refer to the ionic and atom:i.c formsi respectively,

of

the metal, and the star ( * ) indicates that the specie named is radioEach of these processes will occur at a rate refle cted in the

active ..

rate constants h1 , h21 hJ11 and h4 .

The overall rate is given by
E q., 31
*

If � is the average concentration of M0 calculated in moles of
*

M0 per gram of the metal, then the rate of increase in <ia is
mo

where

mo

is the mass

of

.:�

=

So ( hl -h3 )

an amalgam droplet of surface area s 0 •

Eq.

32

These

latter terms should remain approximately constant within one type of ex
change system, so for the ratio s0/mo one can substitute a constant, K1 ,
and arrive at

Before exchange has started <ia

•

h3

=

o , so

lim
t-o
Also
Eq. 35
where Ca ( o) is the concentration of the radioactive specie at time zero .
According to Fronaeus 1 method, it is desirable to investigate the
nature of the left side of

Eq.

35 .,

To do soi a plot of �Ca versus t

for a series of mercrury exchanges is constructed .
the data of this research are somewhat inadequate .

Herej unfortunatelyj
Basicallyj the impor-

tant region of this curve is that where time approaches zeroj and there fore the curve in this region should be well established .

To accomplish

this, one idea.ll.y should have exchange data over quite small time incre menta near zero time, but in the experimental method used here the
shortest feasible time increment was O o 5 minute and more normally was 1 . 0
minute .

If, however, this type plot i s constructed* for a series of mer-

cury exchanges, it will be seen that the aurves obtained
approach the origin in a similar

er (Figure 1 ) .

mann

all

seem to

For each of the

curves there was assigned a nlimiting slope" which, for the purposes of
this discussion, was defined as the slope of the line drawn from the
origin to the point on the curve at a time of 0 .3 minute .

These slopes

ranged from 2 . 4 to 3 .. 4 ml ./gm./min. j with an average of 2 . 9 ml .. /gm . /min .
or 4 . 8 x lo -2 ml . /gm./sec .
Rewriting Eq. 35, substituting K2 , the constant obtained above,
for the left side of the equation, one has that
Eq. 36
and from this,
Eq. 37
i

�a
For these plots, Qa can be obtained from the relation, Qa =
m
where C � is the concentration in gram ions/ml . of the radioactive ion in
the solution formed b,r dissolving m grams of mercur.y in a total volume of
v milliliters . One may replace the actual concentration C � with the activ
ity recorded for some aliquot of the solution since the two should be pro
portional . Similarly, a concentration of radioactive ion in the bulk of
solution with the metal is to enter into exchange ( Ca ) may be replaced
with an activity determined in the same manner as the above .
*

-

-

42

0

.

c§

""'-..
.

Time in Minutes
..
Figure 1 . Plot of %/Ca versus Time for the Exchange of Mercury
Metal With Mer�( I ) Perchlorate S olution .
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*

Since � and �n are assumed to have properties identical with MO and
*

:f.i+n , one would expect that the rate of process number two would follow
a parallel relation o.f the form
Eq. 38

Under the selected condit ions of t approaching zero, the mercury has not
yet become radioactive so processes number three and four cannot occur,
and hJ

=

h4

=

o.

Applying Eq . 31,
h ""

f= hj
j=l

-

K2Ca ( o)
Kl

+

K2 C i (o )
K1

1

Eq • .3 9

and
Eq . 40

It is to be noted that although the relation is derived for the case of
time approaching zero , it is not dependent with time , so it should be valid
for all time values .
C omparison of this form (Eq . 40 ) with .. that noted for cases where
the electron transfer

is

the slow step (Eq. 26 ) indicates that such a

process is probably not rate-determining in these exchange s .

Further ,

the diffusion of the metal is not indicated as the slow step since the
rate would not have been found to be dependent on the solution phase concentration.

If the se are dis carded as possible slow steps , then Eq . 40

should des cribe a rate that is determined by diffusion of the ionic specie
within the solution phase .
Under · the condition of time approaching zero, none of the radioactive form of the metal would be leaving the metal phase, and the ions
of the metal arriving there should be discharged immediately by the elec-
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tron transfer .. Thus the concentration of ion at the metal - solution
interface can be set equal to zero ..
sion layer of thickness

cr'

On the outside of the Nernst dif.f'u-

there is an essentially-constant concentration

of the radioactive ion due to the intense stirring of the solution .

The

· -

rate of the net transfer of the radioactive ion across the concentration
gradient of Ca( o ) /o'

will

be
D Ca(o)
hl ""
()

where D is the ionic diffusion coefficient .

Applying Eq. 31 once marej

one arrives at

Substituting the value of h from Eq. 40 into Eq. 42, one obtains the
relation
D
where

o'

Eq .. 43

=

is the thiclmess of the Nernst diffusion layer j K1 is a constant

dependent on the ratio of the area to mas s of the mercury droplet, and K2
is a constant, which for the mercury exchange system had an average value
of 2 . 9 ml ./gm./min . or 4 .. 8

x

lo-2 ml ./gm /sec .
..

One might test these equations by calculating a value for the dif=
fusion coefficient from Eq. 43 .

A value for K2 may be approximated with

sufficient accuracy for th�s calculation since it is found that the ratio
of the surface area of a mercury droplet to its weight is relatively insensitive to the size, and consequently the number, of the mercury drop =
lets making up the metal phase .

If the mercury is assumed to be dispersed

into, firstly, 102 , then 1oJ, then 104 equal-sized droplets, then the cor
responding area to weight ratios are 4 5, 9 . 6 and 21 cm. 2/gm.
..

The value
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of 10

om .

2jgm. was selected as best representing the experimental con�

dition in these exchanges .
will be 4 . 8 x lo-.3

Referring to Eq .. 4.3 , the diffusion coefficient

cm . 2/sec ..

a'

Using the same estimated value for

d

used

previously, the calculated ionic diffusion coefficient is 1 .4 x lo-5 em . 2 /
sec..

This calculation suffers from the same uncertainty in the size of the

diffusion layer, but indicates at least a proper order of magnitude .
If the rate of exchange is determined by the rate of diffusion of
the ion in solution, then the differences in exchange rate for a given
solution concenb:'ation shown by the data

in

studies 1 and 2 should be due

to the difference in surface area presented for exchange .
stants for 2 . 2 , 13 and 104

mm.

The rate con=

2 of mercury surface in contact with 5 x

lo -.3 M . mercur,y( I ) perchlorate solution are 1 . 5 x lo-4 min . -1 , 1 . 1 x lo-.3
min . -1 and 9 . 5 x lo-.3 min . -1 , respectively. The corresponding rate con
stants per unit of surface are 6 . 9 x lo-5 min . -1 em. -2, 8 . 5 x lo-5 min. -1
em .

- 2 and 9 . 1 x lo-5 min . -1

em .

-2 .

Similar figure s for the stirred mer=

cury phase experiments are not presented due to the difficulty in obtaining reliable value s for the surface area presented for exchange .
dition, since

in all

In ad-

probability the diffusion layer thickness would not

be the same size in the controlled area

and

stirred mercury experiments,

the rate constants per unit area would not be directly comparable .
The data reported under study 3 allow the determination of an ex
perimental activation energy of exchange .

If

a plot of

1n

k versus 1/T

is constructed, the slope of the straight line so obtained can be used
to calculate the activation energy.
Arrhenius e quationJ k

•

The relation being used is the

k 0 exp ( -E/RT ) , or its equivalent ln k

=

1n

k0 -
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E/RT . Hence the slope is -E/R, and the experimental activati on energy
is -R times the slope .

Figure 2 shows this plot for 5 x lo -.3 M . mer

cury(!) ion in contact with 104 mm. 2 of mer crur,y surface, the curve being
The slope was -2 �47 x lo3 °A and

placed by the method of least squares .,
the intercept was -0 . 67 .

Using these values, one may represent this

s.ystem by the relation
ln

k

=

-0 . 67 - 2470/T

Eq . 44

or
k

•

S.l x lo-1 exp ( -4940/RT)

Eq. 45

•

Equation 45 above might be compared to that for autodiffusion of
mercury

found by Hoffman, 61

D

=

found by Ne..ahtreib and Petit, 62

L 26

D

=

x lo -4 e:xp ( -ll 60/RT ) , and that
8 ,.5 x lo-5 exp ( -1005/RT) .

The rather

wide divergence displayed is further evidence against the process of autodiffusion being the rate-determining step as was claimed by Haissinsky
and Cottin.

The divergence is particul•r�y

the activation energy are compared .

accented whe n the

values for

The process of autodiffusion of mer

cury had been found to have an activation energy of 1 . 0 to 1. 2 kaal ./mole
while that for the process of exchange was 3 . 1 kcal. /mole according to
Hais sinsky,

and

4 .. 9 kcal./mole according to this research.

It may be

noted here that, although information on the temperature coefficients
of ionic diffusions is rather limited, reported experimental activation
energies are commonly in the range of
to S kcal . / mole . 63 , 6 4
3

The studies on the effect of adding surface-active substances to
the

exchange medium showed , generally, the expected slowing of the ex-

change rate .

The shapes of the exchange curve s obtained deviated con-

47

0

-9

3 .0

3 1
.

1/T

x

3.2
lo3 in Degrees -1

Figure 2 . Plot of ln k versus 1/T for the Exchange of 674 Mg .
of Mercury With 5 x lQ-3 Mercury(!) Perchlorate .
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siderably from the straight line s obtained in previ ous studi e s .

The s e

curves were c oncave upward sugge sting a possible c ompetiti on of rate s
in the overall proc e ss .

This behavi or was studied further in the s,ystems

containing dodecyl sodium sulfate as the additive .

Examination of the

literature revealed65 a time element in the e stablishment of the maximwn
lowering of the surface tension on adding dodecyl s odium sulfate to water,
e specially in the low range of concentrations us ed in this re search, s o
a series o f experiments was performed after allowing suffic ient time for
the e�tablishment of e quilibrium with respect to the surface -active sub 
stance .

The re sults of the se experiments were that the exchange curves

obtained now showed one maj or dis continuity and two slope s .

Investigation

i.ndicated the possibility of a time variable in the e stabli shment of
equilibriun1 ads orption t o the mercury surface .

Another serie s of experi 

ments was designed in which the mer cury to be used for exchange was pre
e quilibrated several time s with water c ontaining dodecyl sodium sulfate
of the concentration to be used subsequently during exchange .

In this

way the coverage of the mercury was e stablished before the start of the
exchange reacti on, s o one more time -dep endent process might be eliminated .
Re sults of these experiments showed that the exchange curve s obtained
were now ess entially linear, with a gradual decrease in exchange rate c on
stant with increasing concentration of the dodecyl s odium sulfate .

The

rate i.s seen to have dropped off s harply at an equilibrium concentration
of dodecyl sodium sulfate of about 5 x lo-5 per cent, and was found to

reach an extrapolated "zero rate" at a concentration of 1.3 x lo-4 per
cent .

Attempts to correlate this concentration for a zero rate with

49
complete �verage of the mercury surface were unsuccessful
.

'

o

The primary

difficult,r was that the above -indicated concentration was lower than that
reported for the critical concentration for micelle formation . 66, 67 In
such a situation it had been noted66 that adsorption became quite unpredictable, following neither a Langmuir nor Freundlich type isotherm .
3

o

Cadmium System Results
The information obtained on the exchange of cadmium(II) ions with

cadmium amalgams

may

prepared by adding

be summarized as follows.

the

All amalgam phases were

proper amount of cadmium metal

to

674 mg . of mer -

cury.
a . Study 5 , the effect of prior sweeping of solutions with nitro
gen gas on the system:

1 x lo-3 M . Cd(II )/2 per cent amalgam, pH 4, 30° .
Rate Constant
Nitrogen
swept

Containing
Air

O o 2 5 6 min . -l
0 . 238
0 . 224
0 . 2 25 ( 3 . 1 )*
b.

0 . 2 2 1 min . -1
0 . 219
0 . 183
0 . 217 ( 3 . 2 )*

Study 6, the effect of pH on the system:

1 x lo-3 M . Cd( II)/

1 per cent amalgam, 30°, nitrogen-swept .
Rate Constant

E!!Ji
O o 2 95 min. -1
0 27 9
0 . 298
0 . 2 89 ( 2 . 4) *
..

c ..

E.!L2
0 .. 347 min. -1
. 0 .305
0 . 360
0 .366 (1. 9)*

Study 7 , the effect of the variation of cadmium ion and amalgam

concentrati?ll on the .system:

Cd(II )/amalgam, pH 4, 30°, nitrogen-swept .

so

1

x

lo -3 M.

2

x

lo-3 M.

d.

Rate Constant
2 Per Cent
Amalgam

1 Per Cent

Cd( II) Ion
Concentration

Amalgam

Per Cent
Amalgam

4

0 . 341 min . -l
0 . 272
0 . 2 81
0 . 298 ( 2 . 3 )*

0 . 232 min . -l
0 . 277
0 . 236
0 . 268
0 . 2S9 ( 2 . 7 )*

0. 303 min . -1
0 .3S3
0 . 2S6
0 . 311 ( 2 . 2 )*

0 . 29S min .-1
0 . 2S3
0 .306
0 . 286 ( 2 .4 ) *

0 . 2S6 min . -1
0 . 238
0 . 224
0 . 22S ( 3 .1)*

0. 2 SO min . -1
0 . 200
0 . 224
0 . 22S (3 .1)*

0 . 292 min . -1
0 . 279
0 . 298
0 . 289 ( 2 . 4)*
Study 8, the effect o f temperature on the system:

p er cent amalgam, pH 4, nitrogen - swept .

Rate Constant

Temperature

2

lo-3 M .
Cd(II)

x

1

lo -3 M .
Cd(II )

x

1 x lo-3 M .
Cd( II ) with
1 x lo-3 M.
Bromide

300

0 . 292 min . -1
0 . 279
0 . 298
0 . 289 ( 2 .4)*

0 . 2S6 min . �l
0 . 238
0 . 224
0 . 22S ( 3 .1) *

O . lS3 min . -1
0 .185
0 . 167
0 . 141
0 .161 ( 4 .3 )*

40 °

0 . 388 min . -1
0 . 444
0 . 43 9
0 .426 (L 6)*

0 .36S min . -1
0 .329
0. 374
0 . 3S7 ( 1 . 9 )*

0 . 212 min. -1
0 . 244
0 . 174
0 . 210 (3 .. 3 ) *

S0°

o . S28 min . -1
o . S7 S
0 . 439
o . S 41
o . So7 ( 1 .4)*

0 . 403 min . -l
o . S70
0 . 413
0 . 426
0 . 42S ( L 6)*

0 . 2S3 min . -1
0 . 262
0 .385
0 . 276 ( 2 .S)*

Cd( II)/2
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e.

Study 9, the effect o.f inert electrolytes in the cadmium ion

s olution .for the system :

1

x lo-3

M.

Cd( II)/2 per cent amalgam, pH

4i

3 0°, nitrogen -swep t .
Rate Constant

No Additional
Electrolyte
Added

_

0 . 285 min. -l
0 . 299
0 ,. 268
0 . 284 ( 2.4) *

0 . 256 min . -1
0 . 23 8
0 . 224
0 . 2 25 (3 .. 1) *
.f .

S olution
Saturated
in KOl04

Study 10, the e.f.feet o .f added eomplexing agents, showing also

the effect o.f same concentration combinations .for the system:
amalgam, 30°, nitrogen-swept .

Cd( II )/

These r esults are summarized in T able II .

For comparison, results on the uncomplexed system are repeated.

4..

Cadmium System Discussion
In the systems involving amalgams it was noted that the surface of

the metal lost the characteristic appearance o.f mercury soon after the
start o.f an attempted exchange reaction.

The results .from such deter�

minations where the surface of the amalgam had been visibly attacked were
extremely erratic, s o a method was s ought to circmn:vent this di.fficulty.
Two approaches were possible :

one, to remove atmospheric gases from the

exchange medium by sweeping w1 th an inert gas .; second, to prevent the
.formation o.f what is probably an oxide o.f the cadmium by increasing the
acidity of the solution sufficiently .

A series o.f experiments was pro -

posed where a given exchange reaction would be carried out with and with
out prior .flushing of the system with nitrogen .,

The pH chosen .for this

TABLE II
.
SUMMARY OF RATE CONSTANTS FOR THE EXCHANGE OF CADMIUM AMALGAM WITH COMPLEXED CADMIUM ION SOLUTIONSa

Cd(II ) Ion
C oncentration

Agent Added

Amal.gam
Per Cent

Individual Rate
C onstants (Min. -1 )

Least Squares
Single Values

(Min . -1 )

1

x

lo-3

M.

None

2

0 . 256, 0 . 238, 0 . 2 24

0 . 225 ( 3 .1)

2

x

lo-4

M.

None

2

0 . 232, 0 . 277, 0 . 236, 0 . 268

0 . 259 ( 2 . 7 )

1

x

lo-3

M.

0.1
0 .1

4
2

0 . 2 29,
0 . 181,
0 . 232,
0 . 335,

0 .172, 0 . 195
0 . 218, 0 . 123, 0 . 163,
0 . 178
0 . 270, 0 . 301

0 .198 ( 3 . 5 )
0 . 184 ( 4. 3 )

0 .329,
0 . 423,
0 . 524,
0 . 593 ,
0 . 450,

0 . 288 ( 2 .4)
0.347 ( 2 . 0 )
0 . 596 ( 1 . 2 )

M . Chloride

M

0 . 05
2

x

lo-4 M .

Chloride

M . Chloride

2

0 .1
0.1
0.1

M . Chloride
M . Chloride
M . Chloride

1
o.5
0.1

0.1

M . Chloride

o . o5

0 . 295,
0 . 294,
0 . 513 ,
0 . 87 8,
0 .365,

0 .300
0 . 596
0 . 427, 0 . 464,
0 . 573
0 . 60 2

0 . 289 ( 2 .4)

0 . 402 ( 1 . 7 )

1

x

lo-3

M.

0 .1

M . Bromide

2

0 . 153, 0 . 185, 0 . 167 , 0 . 141

0 . 161 ( 4 . 3 )

1

x

1o-3

M.

0 .1

M . Iodide

2

0 . 283, 0 . 389, 0 .3 20, 0 .327

0 .331 ( 2 .1)

1

x

10 -3 M .

0 . 1 M . EDTAb
0 . 01 M . EDTA
0 . 001 M . FDTA
0 . 001 !I . EDTA

2
2
4
2

Longe
Longd

- - 0 . 140
0 . 103

0 .135, 0 . 131, 0 .174
0 . 101, 0 .110, 0 .117

-

-

- - (5. 0)
(6.7)

\1\
N

TABLE II
SUMMARY OF RAT.!!: CONSTANTS FOR THE EXCHANGE OF CADMIUM AMALGAM WITH COMPLEXED CADMDJM ION SOLUTIONS a
( Continued)

Cd ( II ) Ion
Concentration
1 x lo-.3 M .

Agent Added
0 .1 M . Cyanide
0 . 01 M. Cyanide

Ama.lg am
Per Cent

2

2

Individual Rate
C onstants (Min . -1 )
Longe
0 . 0787, 0 .054.3 , 0 . 0594

Least Squares
Single Values
(Min . -1 )
0 . 0601 (12 )

&rhe pH at the start of the exchanges was 4, except thos e involving cyanide where the pH was 8.
b The ethylenediaminetetraacetate i on .
CAbout 6 per cent exchange in 1 . 5 hours .
dAbout 10 per cent exchange in 1 . 5 hours .
e No exchange detected in 2 hours .

�
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study

( number 5 )

was 4, the highest pH which would allow reasonably

reliable exchange curves where unflushed solutions were used .

Even

at this pH the surface of the amalgam was slightly clouded by the end
of the determination, and the scatter in the points from which the ex=
change curve was to be plotted was more than would be desirable .

When

an identical solution was swept with nitrogen gas prior to exchange,
the surface of the amalgam remained unattacked as far as c ould be de
tected, and the points for the individual exchange curves showed con
siderably les s soatter .

Listed under study 5 are the results obtained

by me ans of such an experimental arrangement .

The sweeping of the s olu

tions with nitrogen, besides making each exchange curve more ideal, seemed
to lower the exchange rate

slightly.

It

the small difference in exchange

rate indicated above is real, then it would seem to be in accord with the
results of solid metal-solution exchanges as summar ized in Chapt er I .

It

was noted then that the exchange rate observed in a system involving a
s olid metal and a s olution in equilibrium with atmospheric gas es could
be either larger or smaller than that observed when the solution had
been swept with nitrogen .

When the oxide f:i.lm .formed was protective in

nature, the exchange was reduced but when the £1 1m was unprote ctive the
exchange was enhanced.
Further investigation was made into the effect of the pH of the
exchanging s olution on the exchange rate, and these results are shown
under study 6 .

The rate constant was seen to b e higher a t the higher

pH, an effect the opposite of what was observed in the case where a soli.d
metal was used .

The proposed explanation in the case of solid metals is
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that the exchange is great� dependent of the penetration of deposited
atoms into the metal, and that the chemi cal di sintegrati on of the surIn the present ease of a "liquid metal" ,

face aids this penetrati on .

however, the chemi cal attack c ould serve only t o stabilize the ionic
form of the metal and thus lower the observed exchange rate .
A pH of 4 was arbitrarily chosen far use in further studies since

it seemed low enough to pr event, in c onjunction with sweeping by nitrogen
gas, attack of the cadmium in the amal gam by traces of atmospheric gases,
but not too low that it would diss olve the cadmium o

This pH was used

in study 7 which shows the effect of variation of amalgam and s olution
concentrations on the rate of exchange .

This study parallels study 1

on the mercury system, and arguments similar to those presented during
discus sion of the results of the mercury system m� b e applied .,
If this cadmium exchange is to be diffusion-controlled, then a
knowledge of experimental rates of reaction should allow the calculation
of diffusion coefficient values for the cadmium ion by Eq. 24.
application the terms n and

a

In this

will take the following meanings :

s will

refer to the ratio of the amount of exchanging metal in the amalgam to
the total amount of that substance in the system, and n will be the
The results

number of gram atoms of the metal dissolved in the amalgam.
of these c alculations are
Concentration of
Cd ( II ) Ion Solution
2 x l0-4 M .
1 x lo-3 M.
2 x lo-3 M .

summari zed

1 Per Cent
Amalgam**
6.9
6 0
..

-

-

X
X
-

l0-3
10-3
-

-

as follows �

Di/0"

in Cm. /Sec .
2 Per Cent
Amalgam**
6 . 3 X 10-3
4 o 3 x lo-3
5 ., 2 X l0-3

4 Per C ent
Amalgam**

8 ., 9
4 ., 9
-

iH}674 mg . of amalgam used ; estimated area of 1 cm . 2

-

X
X

-

1 0-3
10-3
-

-
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The average value for Di/6 from the above seven was 6 . 1 x lo - 3 em./
sec .

Using the same estimated value far the diffusi on layer thickness,

the average diffusion coefficient can be calculated to be 1 . 8 x l0-5 cm . 2 /
sec . , once mare of the magnitude to be expected .
The approach of Fronaeus that was applied to the mercury exchange
system (page 39, et .

�. )

may be extended to systems involving amalgams .

The "limit" term of Eq . 35 is still to be investigated by means of a
plot of

�Ca

versus t .

The relati on given in the footnote on page 41

is still helpful in the preparati on of these plots, but
a weight in grams of amalgam.

m

now refers to

Six such plots for the cadmium exchange

system ( see Figure 3) gave an average lirni ting slope ( defined as in the
mercury system discus sion) of 1 . 9 ml . /gm . /min . or 3 . 1 x lo-2 ml . /gm . /sec .
Applying Eq. 43 and using the s ame value estimated for K1 of 10 cm . 2 /gm . ,
one has a value for the diffusion coefficient of cadmium ion of 3 . 1 x
lo-3 � cm . 2/sec .

If the same value for diffusion layer thicknes s is

assumed, the ionic diffusion coefficient would be 0 . 9 x lo-5 cm. 2 /sec .
Study 8 shows the effect of temperature on the exchange rate in
the cadmium system .

A plot of 1n k versus 1/T gave a slope of -3 . 39 x 103

0A when the s olution was 1 x lo-3 M . in Cd ( II) ion, and -3 . 2 5 x 1oJ 0A
when the Cd( II) ion concentration was 2 x lo-3 M . ( Figure 4 .
curve in this figure will be discussed later . ) .

The third

The corresponding activa

tion energies of exchange are 6 . 7 and 6 . 5 kcal . /mole, respectively.

As

mentioned previous�, data on the temperature dependence of ionic diffu
sion

coefficients are rather limited .

The indicated behavior, however,

is for the activation energy to decrease wi th decreasing concentration
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10

0

8

.

� 6

"""
.

4

2

1

2

3

Time in Minutes
Figure 3 . Plot of �C a versus Time for the Exchange of Cadmium
Amalgam. With Cadmium Perchlorate Solution .
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-4

3 .0

3 .1
1/T

3 .2
x

3 .3

103 in Degrees -1

Figure 4 . Plot of ln k versus 1/T for the Exchange of 2 Per Cent
Cadmium Amalgam With 1 x lo- 3 M . (�) and 2 x lo-3 M (0) CadmiUIIl Perchlorate
and With 1 x lo -3 M . CadmiUIIl Perchlorate Plus 1 x lo -1 M . Chloride ( � ) .
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of the solution, 63 a behavior that would seem
with the results of this research .

It would

to

be

be in disagreement

difficult, with the

One

present data, to decide whether an actual contradiction exists .

reason for this is the very slight indi cated increase in the activation
energy of ionic diffusion with decreasing concentration, about 2 per
cent for a tenfold increase in concentration .

A second reason is the

questionable reliability for the activation energy of exchange indicated
by the single determination of this re search .

Still a third is the

marked scarcity of directly determined values of activation energies
of ionic diffusion, therefore the uncertainty of ttexpectedn behavior .
A series of experiments was planned in which a camplexing agent

would be added to the Cd( II ) ion solution prior to exchange .

In order

to obtain an indication as to whether � difference in exchange rate
observed by the above was due to the solute acting in its complexing role
or simply due to alterations in the properties of the s olution caused by
the presence of the additional solute, study 9 was carried out .

In it. are

contrasted the rate constants obtained for a given exchange reaction with
those obtained when the solution phase was saturated with potassium per 
ehlorate .

The exchange rate was found, somewhat surprisingly,

slightly higher in the presence of the potas sium perchlorate .

to

be

Since this

reaction is thought to be diffusion-controlled, then the above difference
in rate should be attributable to s ome change affecting the diffusion of
the ion in solution brought about by the addition of the additional
solute .

Stackelberg, Pilgram and Toome68 have studied the effect of

additional electrolyte on the diffusion coefficient of Cd ( II ) and a number

60
of other ions.

This diffusion coefficient was seen to decrease rather

rapidly on adding the "inert" salt potassium nitrate, to remain fairly
stable at this decreased value over a considerable increase in concan=
tration of the salt, but then to start increasing at still higher concen
trations.

In view of the ability of the diffusion coefficient to behave

in such a manner, it is not at all impossible that the exchange results
obtained in study 9 could be obtained .
Study 10 was undertaken to investigate the effect on exchange
rate of addition of complexing agents to the exchanging medium .

Unfor

tunately, interpretation of the results will be rather limited due to
the scarcity of pertinent information in the literature on the many pro�
cesses that come into play during s uch exchanges .

The overall process of

exchange was discussed previously under the individual steps of diffusion
of the exchanging specie within the solution up to the exchange site, the
discharge or 11electron transfer", and diffusion within the metal phase .
It was mentioned at that time that n ormally either the first

or

third

process would be rate-determining since the discharge step was generally
very rapid .

Further, it was mentioned that it would not necessarily

always be so rapid that it could be eliminated from consideration .
Glasstone, Laidler and Eyring69 suggest that the discharge of an ion at
a static electrode

as

used here would involve the removal of all of the

ligands in the coordination sphere, the transfer of the "stripped" ion
to the exchange surface, the electron transfer, and the deposition of
the atom at the surf ace .

In previous cases of aquated ions none of these

latter processes came under consideration since all occurred quite rapidlyo
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Now, however, on the addition of agents that can become coordinated to
the ion more strongly than can water, the possibility exists that the
de-coordinating step can become increasingly important as the strength
of the metal-to-ligand bond increases .
On

adding to the system agents whi ch become weakly or only moder

ately strongly complexed with the cadmium ion (�.,g,. , chloride, bromide or
iodide ions ) , there was noted only a slight alteration of the exchange
The addition of a hundredfold excess of the halide ions to 1 x

rate .
lo -3

M.

cadmium ion solution enhanced the exchange when the halide was

iodide, but retarded it when the halide was chloride or bromide .

In

either case, though, the alteration of exchange rate is only slight o
Fronaeus l7 reported similar behavior with re spect to iodide, but he found
that the bromide likewise increased the reaction rate .

Fronaeus ' exchange

data for cadmium systems involving the bromide ion, iodide ion or ammonia
demonstrated the constancy of the nli.mit" term of Eq. 35, so the se ex
changes , too, are thought to be diffusion-controlled .

If this is s o, then

the variations produced in the reaction rates must be attributable to the
change in diffusibility of the

cadmium

specie .

This

would be

caused by

the displacement of the water ligands by the intentionally-added camplex
ing agent .
The work of Stackelberg and co-workers68 mentioned previously
showed the effect on the diffusion coefficient of the addition of chloride
ion to cadmium-ion solutions .
seen

to

show either an increase

tion of the chloride ion.

The observed diffusion coefficient was
or

a decrease depending on the concentra

In other words, the diffusibility of the cad-
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mium specie was found to be dependent on its size and structure which,
in turn, would be dependent on the relative amounts of cadmium and
chloride ions .

This type of effect might well be the cause for the be

havior demonstrated on progressively increasing the chloride ion c on
centration .

When the chloride concentration was rai sed from zero to

0 . 05

M . , an increase in exchange rate was noted, but when the chloride c on
centration reached

0.1 M. the exchange r ate was lower than that obtained

in the absence of chloride .
On comparison of the rate s of cadmium exchange with and without
added halide ion, it was found that the rate was decreased in the presence
of

0.1 M. chloride or bromide, but was increased in the presence of 0 . 1

iodide .

M.

Unfortunately, even the scant information on the diffusibility

of cadmium in a chloride medium was not matched for the cases of bromide
and iodide .

Therefore , the only statement that may b e made with regard

to these exchanges i s the generalization permitted for any diffusion
controlled proces s :

the rate of the process i s dependent on the diffusi

bility of the reacting specie .

At a given metal ion and c omplexing agent

concentration, this diffusibili ty would be dependent on the strength of
the metal-ligand coordination and the size of the ligand (versus the water
that it replaces) .
One might reflect briefly upon the results obtained where exchanges
were carried out with identi cal solutions of chloride -complexed cadmium
ion and progressively more dilute amalgams .
centration from

On lowering the amalgam con

1.0 to 0 . 5 to 0 .1 per cent, there was a gradual increase

in the reaction rate .

The direction of this trend is understood easily
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enough even if the magnitude of the increase is slightly surprising .
It is thought that the increased rate is caused by a greater dispersi on
of the amalgam droplets due to a decrease in vi scos ity and/or surface
tension at a lower concentrati ons .
centrati on to
that ·with

0.5

0.05

A

further decrease in amalgam c on=

per cent produced a rate that was still higher than

per cent but lower than that with

0.1

per c ent .

Thi s be-

havior might be due to a maximum in the aforementioned properties of
the amalgam affecting its dispersion (a behavior that has been noted
aque ous s oluti ons ) ,

in

or perhaps to the fact that m.e tal phase diffusi on

might be becoming of importance at the se lower c oncentrati ons .

Further

studies at still lower concentrations were unp roductive due to the very
small decreases in soluti on activity that one is re quired to follow .
This prohibits a reliable determination of reaction rate with the pre sent
techniques .
Under study

8

were pres ented the data showing the effect of temper-

ature on the rate of exchange in a bromide -oomplexed cadmium ion system .

p

Treatment of these data by the least s quares method indicated a slo e of

-3 . 4

x

1oJ 0A

( Figure.

calculated t o be

6.8

4)

from which the activation of exchange may b e

kcal . /mole ( compared to

6.7

c omplexed cadmium ian of the same concentrati on) .

kcal . /mole with unThe relative magni-

tudes of the se activation energies is what might be expected if both
proces ses are diffusion-controlled, and would seem to be in agre ement
with the generalization that large diffusion coefficients invariably
infers a small temperature coefficient ( and therefore activation energy) .
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P.rior discussion in this section made mention of the possible

increasing importance of the step involving the de-coordination of the
metal in the determination of the overall rate as the metal-ligand bond
strength increases .

Study 10 presents results of a few exchange reac=

tiona carried out in the presence of the stronger camplexing agents,
cyanide and ethylenediaminetetraacetate ions . These results indicate
that much slower exchange rates were obtained when ei ther of the above
ions was substituted for the weaker complexing agents, chloride,
bromide or iodide ion � The rates were retarded so much, in fact, that
it would be very improbable that the difference could be attributed to
differences in diffusion coefficient, and thus the exchange would not
seem to be diffusion - controlled .
A derivation has been performed17 assuming that the de-coordination

step is rate-determining in the exchange of cadmium in

an

excess of so

dium cyanide ( at which almost all of the metal ion exists as the saturated
complex) .

The form of the equation obtained indicated a dependence of

exchange rate
ion,

and

in

this system on the concentration of the amalgam, cadmium

cyanide ion, and the number of cyanide ligands on the rate

determining specie . From the dependence of observed exchange rates on
the concentrations mentioned above, it was possible to evaluate this
number of ligands on the rate-dete:rmining cadmium spe cie .
was found to be 2 . 2
where p ractically

This number

t

0 . 1, indicating that under the conditions studied

all

of the cadmium was bound as the saturated complex

Cd( CN) 4- 2 , the rate of the exchange was controlled almost totally by the

65
discharge of the specie**

Od( CN) 2 .

This effect would seem to be due to

the low probability of the simultaneous loosening of three of four
cyanides from the se more abundant species on

one

hand, and the very low

concentrations of the hydrated cadmium ion and first complex on the
other .

It has been claimedl8 that at even higher exeesses of cyanide

ion the rate is determined by the discharge of the third complex**,

5..

Zinc System Results
The information obtained

zinc amalgams may be

summari zed

on

the exchange of zinc ( II) ions with

as follows .

All amalgam phases were

prepared by adding the proper amount of zinc metal to 674 mg . of mercury .
a.

Study llg the effect of the removal of trace amounts of ohlo-

ride ion from tracer stock solution prior to exchange for the sys tem:
1 x lo=3 M

..

Zn( II)/1 per cent amalgam, pH 6, 30°g nitrogen-swept .
Rate Constant
No
Pretreatment

Chloride Ion Expelled
From Tracer Stock
0 .,305 min . -1
0 .. 379
0 .. 339
0 340 ( 2 . 0 ) *

0 . 403 min . -1
0 .. 394
0 ,.365
0 .. 3 95 ( 1 .. 8 )*
b ..

Study 1 2 j the effect of pH

..

on

1 per cent amalgam, 30°, nitr ogen-swept .

the system:

1

x

lo-2 M

..

Zn( II )/

The exchange curves obtained at

pH 13 were non-linearj therefore a rate constant as defined by a slope
00 1J�d not be determined in the us ual marmer.

Cons equently the re-

**The water ligands are omitted in these unsaturated complexes for
simplicity .
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action rates

in

this study are presented, first, as an experimentally�

determined half -time of exchange, and second as a formal rate constant
as calculated by the relation�

k

0 .. 8
1.0
0 . 9*

0 .693/tt ·
Rate Constant
pH 6
pH 13

Half -time of Exchange
pH -6
pH 13
L O min .

=

0 . 970 lllin . -l
1 . 02
0 . 894
1 . 00*

7 . 6 min .
8.0
7.2
7 . 6**

0912 min . - 1
0.0866
0 . 0962
0 . 0912**
0

..

**Arithmetic average .
c.

Study 13, the effect of variation of amalgam and solution con

centrations on the system:

Zn( II )/amalgam, pH 6, 30°, nitrogen- swept .
Rate Constant
1 �r Cent
0 . 1 Per Cent
Amalgam
Amalgam

Zn( II ) Ion
Concentration
1 x lo-2 M .

0 . 970 min . -1
1.02
0. 894
L OO ( 0 . 7 )*

lo -3 M .

0 . 403 min. -1
0 . 3 94
0 .36.5
0 .3 9.5 (1.8 )*

1

d.

X

0 . 533 min . - 1
0 . 522
o . 5oo
0 . 507 (1 .4)*

Study 14, the effect of temperature on the system:

M . Zn( II )/1 per cent amalgam, pH 6, nitrogen - swept .
Temperature

Rate Constant

30°

0 . 403 min . -1
0 .. 394
0 .36.5
*
0 .39.5 ( 1 . 8 )
0 . 414 min . -1
0 . 408
0.349
0 .. 391 ( 1 . 8 ) *

1 x J..o-3
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Temperature

Rate Constant
0 . 488 min . -1
o . 45o
0 . 482
0 . 480 ( 1 . 4)*

e.

Study 15, the effect of pretreatment of the amalgam with Zn( II )
l x lo -3 M . Zn( II )/1 per cent amalgam, pH 6,

ion solution on the systems
3 0°, nitrogen-swept.

Rate Constant
No
Pretreated with Zn( II)
Pretreatment
Ion Solution
0 . 403 min . -1
0 . 3 94
0 . 365
0 .395 (1 . 8 )*
f.

0 . 233 min. �l
0 . 296
0 . 3 58
O o 258 ( 2 . 7 )*

Study 16, the effect of added complexing agents of the systemg

l x lo-3 M . Zn( II ) /1 per cent amalgam, 30°, nitrogen-swept .

These results

are summarized in Table III .
6.

Zinc System Discussion
An

attempt was made in these experiments on the zinc exchange

system to investigate, in a manner similar to the cadmium system, the
effect of sweeping the solutions with nitrogen gas prior

to

the exchange .

Actually, no formal comparison is pre sented because the results obtained
from exchange reactions performed without removal of atmospheric gases
were so erratic as to be meaningless.

Consequently, all exchange reac�

tions involving this zinc system were carried out using solutions that
were nitrogen-swept .

Even

then it was found that consistent experimental

results were considerably more difficult to obtain than in either of the
preceding systems ( cadmium or mercury) .

TABLE III
SUMMARY

OF RATE CONSTANTS FOR THE EXCHANGE OF ZINC AMALGAM WITH COMPLEXED ZINC ION SOLUTIONS

Least Squares
Single Values
( Min . -1 )

Agent Added

pH

Individual Rate Constants
(Min . -1)

None

6

O o 403, 0 . 394, 0 . 365

0 .3 95 ( L 8 )

1 x lo 1 M . Chloride

6

0 . 410, 0 �373, 0 . 241, 0 . 285

0 . 314 ( 2 ., 2 )

1 x lo 1 M . Iodide

6

0 . 352, 0 �332, 0 . 3 48

0 . 3 42 ( 2 . 0 )

1 x 1o l M . Cyanide

10

Longb

1 x lo 1 M . Ammonia

11

0 . 365, 0 .333, 0 . 220

0 . 26 4 ( 2 . 6 )

6

O . lll, 0 . 165, 0 . 2 23 , 0 . 192, 0 . 240

0 . 186 ( 3 . 7 )

-

-

-

-

l x lo�

4 M . ED:r'Aa

-=-

-

-

-

-

-

aThe ethylenediaminetetraacetate ion .
bNo exchange detected

in

10 hour s .

�
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Since the stock tracer s olution as received from Oak Ridge Nati onal
Laboratory c ontained s ome chloride ion, s tudy 11 was undertaken to deter
mine if thi s chloride needed to be removed before exchang e s with 11un 
In this study a s eries of ex

c ornplexed11 zinc ion c ould be effected .

change s were carried out in which the s olutions were tagged with the
tracer solution as received,

and another in which the tracer solution

was heated with nitric acid to remove the chloride i on prior to being
used to tag the zinc ion s olution o

A slightly slower exchange rate was

obtained after this nitric acid treatment, but it could easily have b e en
caused by the pre sence of salt in the solution from the neutraliz ation of
the exc ess acid with base ,

In any case,

the amount of chloride small,

the change was not very large and

s o further exchange reactions were effe cted

without pretreatment of the tracer .
The effect of pH on the rate of the exchange was inve stigated,
the re sults appear under study 12 .

Acidic pH range values were limited

by the attack on the metal in the amalgrua. at a pH of about
cipitation of the ion at a pH of about
were

and

6.

4,

or by pre

Even then the chosen pH values

hard to maintain during the exchange , and many attempted reactions

had to be voided due to precipitation during the course of the exchange .
A series of �eacti ons was carried out at a pH of 13 where the zinc in
s olution reportedly exists as the zincate .

As mentioned at the time of

the pre sentation of the re sults of study 12, the exchange curves obtained
at a pH of 13 were non-line ar ,

a fact that necessitated the c alculation

of formal rate c onstants from experimental�-determined half-times of
exchange .

The deviation in these curves was s imilar t o that observed
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in the mercury system when surface-a.ctive materials were added to the
This latter deviation was rationalized as being due to

solution .

competing rates o

If competing rates do exist in this exchange involv-

ing zinc as the zincate, it would be altogether compatible with the
existence of the "zincate " not as a true ion, but as a dispersion of
the solid hydroxide o 70
Using the data in study 13 and Eq., 24, one can calculate values
for the ionic diffusion coefficient for the zinc ion in the
the preceding systems, mercury and cadmium.

er of

mann

These results are summari zed

a s follows x

Di/o' i'n Cm./Sec
Zn( II ) Ion
Concentration

1 Per Cent
Amalgam**

1 x 1o-2 M .

1 . 3 x lo-2

1 x lo-3 M .

9 . 3 x lo-3

o

0 . 1 Per Cent
Amalgam**
_

_

._.

_

_

_

6 . 7 x lo-3

**674 mg . of amalgam used ; estimated area of 7 cm . 2
The average for D1/cr from these three value s was 9 .. 3 x lo-3 cm./sea .
the same estimated value for

cr

Using

, the average diffusion coefficient can

be calculated to be 2 . 8 x lo-5 cm. 2/sec .
The same "alternate approach" that was pre sented in the discussion
of the mercury system exchange, and extended to exchange in systems involving amalgams for the cadmium system may be reapplied here .

for the "limit" term of Eq. 3 5 were determined

to

Six value s

be in the range 1 . 3 to

1.8 ml /gm /min with an average at 1 ., 6 ml . /gm . /min. ( see Figure 5) .
.

Applying

.

Eq.

.

43 in the same mann er as previously, the calculated value

for the ionic diffusion coefficient was 0 . 9 x lo- 5 cm . 2/sec .
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1

2

3

Time in Minutes
Figure 5 . Plot of �/Ca versus Time for the Exchange of Zinc
Amalgam With Zinc Perchlora:ee Solution .
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Under study

14

are listed the r esults of the study of the e ffect
The slope obtained from a

of temperature on the zinc system exchange .
plot of ln k versus

1/T ( Figure 6)

was

-1 .13

x l

o3

activation energy of exchange may be calculated as
Study

1.5

°A

2o3

from which the

/

kcal o mole .

shows the effect on exchange rate due to the pretreat=

ment on the amalgam with a zinc ion s olution like that to be used in the
exchange reaction, but not containing the tracer o

Menti on had been made

in Chapter I in regard to the sometimes quite dras ti c differenc e in ex
change rate that could be brought about by a treatment such as described
above when the exchange c oncerns a solid metal .

It was expected, more 

over, that this would not be an important effect when us ing amalgams
due to the as sumed ab sence of th e surface effects to which thi s phenom
enon has been ascribed .

This pretreatment was accomplished by agitating

the freshly prepared amalgam under a nitroge n-swept s olution of zinc i on
identical with that to be used in the exchange .

Since this treatment was

carried out in the c onstant t emperature water bath, the usual thermal
e quilibration of the amalgam could be eliminated, and the overall elapsed
time before starting the exchange was ess entially unchanged .
however ,

a considerable difference in the manner in which the amalgam was

allowed to be come thermally e cpilibrated .
was prepared, washed thoroughly,
a b eaker,

There was,

In the usual case, the amalgam

covered with a small amount of water in

and allowed to s tand quietly in the water bath .

The only

agitation of the amalgam was that nec e ssary to bring about the apparent
diss olution of the metal .

During the pretreatment described,

the amalgam was agitated as strongly as in exchange,

however,

and it would not b e

73

4

-

0

-6

.3 . 0

.3 . 1
1/T

x

1o.3

in

.3 . 2
Degree -1

.3 .3
•

Figure 6 . Plot of ln k versus 1/T for the Exchange of 1 Per Cent
Zinc Amalgam With 1 x lo-3 M . Zinc Perchlorate .
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too improbable that it could bring about a difference in the nature of
the zinc as it exi sts in the amalgam.

Further inves tigati ons along

these lines should be both interesting and helpfUl in the unders tanding
of the overall exchange occurring with amalgams .
S tudy

16

demonstrates the effect of added c omplexing agents on the

zinc exchange rate .

In g eneral it is found that the effect produced on a

given zinc exchange rate on addition of a complexing agent is very similar
to that produced in the c orresponding cadmium system, an

effect that is

not too surprising in vi ew of the c onsiderable similarity of the two
the chemistry of the simple and complex ions .
same conclusions may be made here

the cadmium system .

in

Accordingly, much the

as were made during the dis cussion of

That is, the addition of c omplexing agents of moderate

strength did not affect the exchange rate extensively as the se reactions
are still probably diffusion-controlled .
zinc ion solution was made
ion and ammonia .

0.1 M.

In this serie s of exchanges the

with respect to i odide ion,

chloride

In each case the exchange rate was reduced, the order

of the r eduction increasing in the order given .

The alteration of the

exchange rate is thought to refle ct the change in the diffusion coefficient
of the exchanging i onic specie,

and this is dependent on the type and

amount of complexing agent added .

The similarity of the s e exchange results

with those of the cadmium system extends to the exchanges carried out in
'

the presence of the more strongly coordinating agents .

The cyanide and

.

ethylenediaminetetraacetate ions produced changes in reaction rate much
greater than could be ascribed to changes in diffusibility of the re acting specie .

It is proposed that here,

too,

it is prob ably the de -
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coordination of the strongly bound ligands that is the slow step in the
exchange .
7.

Silver System Results and Discussion
Attempts were made to accomplish for the silver system studies

paralleling those reported ab ove for mercury, cadmium and zinc .

Pre -

liminary investigation showed, however, that the silver ion was lost to
To

the metal phase even before any silver metal was dis solved in it .

prevent this premature removal of the silver, complexing agents were added
to the aqueous phase .

Although the ethylenediaminetetraacetate, iodide,

and thiosulfate ions were unsuccessful in preventing the removal of the
silver ion from the solution, the cyanide ion was able to accomplish the
task .

The next problem was to determine the stability of the silver

amalgam to the cyanide ion solution.

A few experiments where 11tagged11

silver amalgam was stirred with a solution containing cyanide ion showed
that this agent did attack the silver metal.

This dis solution was effec-

tively stopped by removing atmospheric oxygen from the s olutions by sweeping with nitrogen gas which had been purified by bubbling through an
alkaline pyrogallate solution.
These precautions allowed the study of the system �
Ag( I ) , 1

X

1 x lo 4 M .
-

lo 1 M . cN -1/amalgam, 30°, nitrogen -swept .
-

11 1

Rate
Constant

Amalgam Concentration
o . oo4 Per Cent
Per Cent"
0 . 04 Per Cent

0 . 07 5 min. -l
0 . 10 2
0 . 053
0 . 103

0 .)90 min . -l
0 . 63 5
0 . 5 22
0 . 467 ( L 5 ) *

0 . 4 2 0 min . -l ( 1 . 7 ) *
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The first column shows the results of the exchange reactions involving

a

111

per cent" amalgam.

These were completed before the peculiar be

havior of the amalgam spurred

investigati on into the solubility of

This s olubility is reported by Sidgwick71 at

silver metal in mercury .

0 . 04

an

weight per c ent of the metal in mer cm.ry' at

2 0° .

Sidgwick menti ons

the difficulty in obtaining value s for the true s olubility due to the
fact that many metals, after having formed a saturated solution will
c ontinue to b e 11wet" by the mercury and will be held in suspension .
author ' s reported value for silver is

an

That

attempt at its true solubility,

and was taken as that concentration of amalgam beyond which no further

change i s noted in the

E .M . F .

tact with s ilver amalgam .

of a cell involving the s ilver ion in con

Silver, i n particular, i s capabl e of being

suspended quite readily in a saturated amalgamo
the above results of this research reported as
which, evidently, was

a

This was the case in

111

p er c ent" amalgam

s aturated s olut ion of silver in mercury with the

remainder of the metal suspended in the amalgam .

Reasonable-appearing ex

change curves were obtained using thes e amalgams , and they reflected dif 
fi cultlY-reproduced rate s that were slow compared to that obtained us ing
a saturated

0.04

per cent amalgam.

This is probably accounted for by

the fact that the se amalgams which contained about a twenty-five-fold
excess of the s olid metal dispersed within them, were s ometimes notice
ably difficult to disper se with the usual stirring arrangement .
reproducibility was not too

much

The

better when using 0. 04 per cent amalgams ,

pos sib� still due to the above reason or to the formation of s ome silver
mercury interm.etallic compound specie, marry of which have been reported . 7 2
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Further difficulty was encountered in the s eries of experiments using

0 .00 4

per cent amalgam,

dilute amalgam,
time ,

this time due to the fact that with such a

only a small amount of silver was exchanged at ltinfinite"

and small variations became quite important on a per cent basis "

A considerable amount of s catter was noted in the f ew points obtained
for each of the three individual exchange determinations,

cas ting doubt

as to the reliability of the exchange rates as determined by the s e points .
For this reason it was thought best to report one exchange rate to repre
s ent collectively the data of all three determinations .

CHAPTER IV
SUMMARY

Studies of the rates of metal-metal ion exchange rea ctions at
regulated temperatures were made using mercury or amalgams of cadmium,
zinc or silver for the metal phase in contact with water solutions of
the corresponding metal ions .

Each metal ion was in solution either

as the simple aquated specie , that is , as the perchlorate , or as some
c omplexed specie according to the complexing agent added.
In most cases the c ourse of the exchange was followed by the dis
appearance of the radioactive form of the metal in the s olution .
disappearance was found to be representable by the equation, ln (1
kt

-

This
-

F)

=

where F is the fraction of total possible exchange having occurred

at time t , and k is an exchange r eaction rate constant .

The locus of

points obtained by means of the experimental data and the above equation
appeared approximately linear, and indi cated a line that passed through
or very near the origin .

Curves were usually fitted to the data by the

method of least squares, which yielded directly value s for the slope of
the curve and thus the exchange r eaction rate constants .
The influence of temperature on these rate constants was studied
in some cases .
equation, k

=

The behavior was found to be representable by the Arrhenius
k0 exp ( -E/RT ) .

Plots of ln k versus 1/T were linear over

the t emperature intervals used, and from treatment of these data by the
least squares method were obtained values for the slopes of t he curves .
Since the slope is equal to -E/R, one may calculate a corresponding ex-
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perimental activation energy as R (

-

slope ) .

The overall process referred to as exchange was inferred to con
sist of :

the diffusion of the exchanging specie in the s olution phase,

the removal of all ligands from the coordination sphere of the ion, the
transfer of th e " stripped" ion to the exchange surface, the electron
transfer, the deposition of the atom at the surface, and then the dif
fusion of the specie within the metal phase .

The rate of the exchange

will be determined by the slowest of these pr ocesse s .

Theoretically

derived relations were reported that indicate the form of the rate e qua
tions if diffusion in the solution or metal phase or ion dis charge is to
be rate -determining .

In the absence of complexing agents that become

strongly bound to the metal ions, the rate of the discharge of the ions
is quite rapid and as such need not be considered in a dis c us sion of
rate determination .
The first system studied was the exchange of mercury( I ) ion with
mercury metal .
rate of:

The types of studies made included the effect on exchange

variation of s olution concentration and amount of agitated mer

cury; utilization

of c ontr olled surface areas of mercury; variation of

temperature ; and addition of surface-active substances .
The experimental data gave a value of ionic diffusion coefficient

( Di ) of the proper order of magnitude ( ;'

1

to 2 x lo -5 cm. 2 /s e c . ) , al

though the calculation involves the estimation of a value for diffusion
layer thickness .

An

alternate approach to the study of the exchange

process was presented, and from the form of the relation obtained it was
deduced that diffusion of the ionic specie must be the slow step .

If this
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is so, then the rel ations developed can be used to calculate Di o

The

value was, once more, of the magnitude to be expected, although the cal
culation still depends on the estimated value of diffusion layer thickness .
The experimental activation energy of exchange was determined by
means of the Arrhenius equation

to

be 4 . 9 kcal ./mole .

A comparison of

this activation energy of exchange with that for ionic diffusion ( = 3

to

5 koal . /mole) and autodiffusion ( l e O to 1 . 2 kcal . /mole ) , along with the
seeminglY succes sful calculation of values ( although approximate ) of Di
suggest that the rate of exchange of mercury ( ! ) ion with metallic mercur,y
under the. experimental conditions is diffusion-controlled .
If the exchange reaction is diffusion-controlled, then differences

in rate with varying amounts of mercury should be caused by the greater
surface area available for reaction .

A good correlation of exchange rate

with surface area was obtained on conversion of these observed exchange
rates to exchange rate per cm. 2 .
The addition of surface-active substances to the exchange medium
caused the expected slowing of the exchange rate, pr obably due to the
lessening of the effective area available for exchange .

An

attempt at

correlation of the concentration of the surfactant neces sary to stop
the reaction completely with complete coverage of the surface was un
successful, however .
Exchange studies similar to the above were performed in which amal
gams of cadmium, zinc, and silver as the metal phase were allowed to enter
into exchange with s olutions

of

their respective ions .

The types of inve s-
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tigations that were made included

*

th e

effect on the amalgamated

metal-metal i on observed exchange rate of :

prior sweeping of the solu-

tion with nitrogen gas ; variation of the pH ; variation of the metal ion
and amalgam c oncentrations ; variation of temperature ; addi tion of " iner t "
electrolyte ; pretreatment o f the amalgam ; and addition o f complexing
agents .
The effect of removal of atmospheric gases was to make the exchange curve s from which the re action rate c onstant is obtained more
nearly linear, and to cause what appeared to be a slight decrease in
rate .

This decrease,

if real, would seem to be in agreement with the re-

sults obtained when using s olid metals in exchange reacti ons .
the visibly obvi ous attack of the amalgams ,

T o prevent

all exchange reactions involv-

ing thes e rather reac tive metallic phase s were started only after sweeping
of the system s everal minutes with a stream of nitrogen gas .
S tudie s on the effect of pH on exchange rate indicated that a higher
rate was obtained as the acidity of the s olution be came lower,

a behavior

just the converse of that reported in the literature when s olid phase

metals were used .

Exchange re actions were carried out in the zinc system

at high pH where the zinc is said to exist as the zincate .

The c omplex

exchange behavior noted appears _ to be �om�is tent with the exis tence ,_ no t
of a true zincate ion,

_

but of a dispersion of the hydroxide by the excess

alkali .

*N ot every type of s tudy listed was performed for each amalgamated
metal-metal i on combinati on .
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Generally, exchange reactions of a given type were carried out
at different amalgam and solution concentrations .

This allowed the

calculation (via Eqs . 24 and 43 ) of values for Di of the ions .

Although

the values are still dependent on the estimated size of the diffusion
layer, they were all of the proper order of magnitude ( = 1 to 2 x lo -5
cm . 2/sec . ) .
From the s tudies on the effect of temperature on the exchange
rates, values for the experimental activation energy of exchange were
calculated .
to

be

For 1

x

lo-3 M . solutions, the activation energy was found

2 . 3 kcal . /mole and 6 . 7 kcal . /mole when the ion was Zn(II ) and Cd(II ) ,

respectively.

A

slight decrease in activation energy ( to 6 . 5 kcal . /mole )

was noted on doubling the concentration of the Cd( II ) ion s olution, in
contradiction to the apparent trend in the scant supply of diffusion data
in the literature .
It was found that the cadmium exchange rate was higher when the
aqueous phase was saturated with the "inert" salt potas sium perchlorate,
an

effect that, although not expected, was s een to be not inconsistent

with

demonstrated behavior of diffusion coefficients .
Stirring of the zinc amalgam with an inactive Zn( II) ion solution

prior to exchange lowered the exchange rate .

This type of behavior was

seen to be common when solid metal phases were used, but it was thought
that the use of the present liquid phase metals ( amalgams ) would eliminate
such effects by the presumed absence of surface faults, cracks, "hot
spots " , �·
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Some exchange reactions were performed in the pre sence of com
plexing agents .

Under the experimental conditions used, the agents that

form only moderately strong complexee with the metal ions affected the
exchange rate only slight�, an effect that would be expected for diffu
sion-controlled reactions .

The addition of the cyanide or ethylenediamine

tetraacetate ion, however, retarded the reaction much more than could be
explained by a change in the diffusibility of the exchanging specie o

It

would s eem probable that the energetically more difficult de-coordination
of these ligands has made this step rate-determining .
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APPENDICES

APPENDIX I
Sample determination of the experimental exchange Jrate constant
from

change

ex

data

for the system:

5 x lo -3 M . Hg ( I ) /69 1ng . Hg 0 , pH 2,

30°.
Time

c/m

Fraction
Removedz F 1

Fraction of
Possible, F

0 Min.
3
6
9
12
15
18
21
25
60

5018
4934
38 55
3371
3297
2819
2366
2176
2163
1191

0 . 00
0 . 02
0 . 23
0 . 33
0 . 34
0 . 46
0 . 53
0 . 56
0 . 57
o . 76

0 . 03
0 . 30
0 . 43
0 . 45
o . 6o
0 . 70
0 . 74
0 . 75
1 . 00

1n(1 -F )
-0.02
-0 .36
-0 . 56
-0 .60
-o . 92
-1 .17
-L35
-l . 38

A plot of ln(l -F) versus t is constructed, the best curve being placed
by the method of least squares (Figure 7 ) .

For this treatment, the

following data are usefu1 g
Time

1n(1 -F)

3 Min .
6
9
12
15
18
21
25

-0 . 02
-0 . 36
- 0 . 56
-0 . 60
-0 . 92
-l . l9
-1 . 35
-1 .38

From these data:

� ( t L1n( 1 -F)] )

n
==

=

8,

L

t

=

t [1n( 1- F)]

9
36
81
144
255
' 3 24
441
625

-0 . 06
-2 .16
-5 . 04
-7 . 20
-13 . 80
- 21 . 05
-28 .35
-34 . 45

109 min . ;

-112 . 11 min . ; L t 2

t2

=

2:.

[l

n

( 1 -F )]

1886 min . 2 •

=

-6. 36;

From Eqs . 21 and

22, one has that :
m

=

( 8 ) ( -112 .11) - ( - 6 . 36) ( 109 )
( 8 ) ( 1886) - (109 ) 2

=

_0 • 0636 min . -1

91

+0 .5

0

-0 . 5

0

-1 . 5

-2 .0

0

10

20

30

Time in Minutes
Figure 7 . Representative Exchange Curve for the System2
M . Hg ( I )/69 Mg . H g0 , pH 2, 3 0 0 .

5

x

;to-3

92
and
(-6 .3 6) - (109 ) ( -0 . 0636 )
8

b '"'

=

+0 . 08

0

In this same manner additional determinations for the same system
were accomplished, and the values for m and b noted .

Then the method

of least s quares was reapplied to all of the data colle cted for systems
of

a

given type by determining the overall totals for n,

2:. t,

etc . as

above and calculating for these a single value for m and b .
If it had been desired to tabulate a half-time of exchange in
11&Y of a rate constant, it could have been obtained in the following

manner .

The slope may be represented as
slope

=

ordinate2 - ordinate1
abscissa2 - abs cissa1

If it is desired to calculate t�, one could substitute for ordinate 2 its
value at 50 per cent exchange, ln( l -0 . 50 ) , and for ordinate1 its value
at the point of intercept .
t

=

0.

Corresponding abscissa values are t

=

� and

Then one has
slope

=

0 . 69 - b
t1.2 - 0

___;_�_

=

and
- 0 . 69 - b
slope
For the data pre sented above, � is given by
t1.
2

=

-0 . 69 - o . oB
-0 . 0636

=

12 . 1 minutes .

It can be seen that for the ideal case where b is zero, this relation
reduces to

93
u
2

..

the form encountered

-0 69
0

slope

in

=

69---::---:-0_._..
( -slope)

=

o.69
k

other first order processes .

APPENDIX II
S ample calculation of ionic diffusion coefficient by use of Eqo
2 4 for the systemg 5

x

10� 2 M o Hg ( I ) /69 mg . Hg0, pH 2� 30° .

Equation 24

is
k

=

D1· ca
n( l=s )

-..:-.;;;;;.
'"""T'-

cr

'

or

The quantitie s needed for the calculation may be summarized as
follows g
The rate constant, k g

From the tabulation of mercury exchange

system results, k e quals 0 . 118 min . =l or 1 . 97 x lo-3 sec . -1 .
The number of gram atoms of mercury metal, n :

69 mg " i s e quivalent

to 3 . 4 x lo�4 gram atoms of the metal .
The ratio of the amount of mercury in the metallic form to the
total amount of mercury in all forms in the system, s g
M.

Hg ( I ) s olution there i s 0 . 20 gm. of mercury .

( 0 , 069

O o 20)

+

=

In 10 ml . of 0 . 05

Therefore, s

=

0 . 069/

0 , 26 .

The concentration of the s olution in gram ions/ml . , c g

A s olution

that is o . o5 M . in Hg ( I ) contains 1 x lo�4 gram ions/ml . of mer� ( cal�
culated as Hg+1 ) .
The surface of the mercury, a g
0.7

em .

2

This quantity had been e stimated at

•

Entering these values into the above equation, a value of Di/cr'
may be determined as g

95
(1. 97

1o-3 ) (3 o 4 x 10-4 ) (1-0 . 2 6)
( 1 o 0 x 10-4 ) ( 0 . 7 )

x

=

7

X

10-3

cm o

/sec .
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